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Abstract 
This thesIs IS concerned With the study of different effects m protein ultrafiltration includmg 
device configuratIOn, solullon chemistry and membrane charge In the recent and more 
establIshed lIterature membrane fouling remams a challengmg problem that limits the Wider 
application of ultrafiltration. Thus, mvestigatlOns which can aid understandmg and potentially 
reduce membrane fouling are of particular mterest and m thiS study the problem has been 
addressed from several different angles 
Polyethersulfone membranes were studied at varying pH and two iomc strengths usmg bovine 
serum albumm and lysozyme as the model proteins. The study was conducted both in a stlITed 
cell and a crossflow configuratIOn m order to evaluate the mfluence of different system 
hydrodynamiCS on filtratIOn This work was further substanllated through the applIcatIOn of 
filtration models An attempt was also made to modlf'y the membrane surface by low-
temperature plasma modification with the intention to preferenllally alter the characteristics of 
the membrane surface Both unmodified and plasma-modified polyethersulfone membranes 
were characterised usmg a range of analyllcal methods mcludmg flux data, streammg potential, 
contact angle and MWCO measurements to aid results interpretation. 
The research showed that MWCO data quoted by manufacturers is mostly greater than that 
obtained during laboratory studies The MWCO technique was also used to highlight 
differences between the unmodified and plasma-modified membranes demonstratmg that the 
modification resulted m a membrane With tighter pores in the lower molecular weight region. 
Concentrallon polansatlOn effetts were found to be reduced as a result of the plasma-
modificatIOn The study of protein filtration at different pH and lomc strengths demonstrated 
that ionic strength effects were more pronounced than pH effects It was also shown that 
changes m the IOnic strength can be used to alter the degree of protem rejectIOn For the given 
system concentration polarisation was found to be higher during crossflow filtrallon compared 
to stirred cell filtratIOn The thesIs adds to eXIstmg knowledge m the area of ultrafiltratIOn 
emphasizing the Importance of device configurallon, solution chemistry as well as the potential 
of charged membranes 
Keywords: ultrafiltration, IOnic strength, membrane modification, stlITed cell, crossflow 
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a Channel wIdth (m) 
A Absorbance (-) 
Ae Cross-sectional area (m2) 
Am Membrane area (m2) 
b Channel height (m) 
B Constant (-) 
C Concentration (kg/m3 or g/L) 
Cb Concentration of solute in the bulk (kg/m3) 
Cl Concentration of solute in the feed (same as Cb) (k~m3) 
CG Solute concentration at the gel layer surface (kg/m) 
c, Molarity concentration of the IOn (moIIL) 
Cm Molar concentration (moIIL) 
CM Solute concentration at the membrane surface (kg/m3) 
Co Bulk electrolyte concentration (moVm3) 
Cp Concentration of solute ID the permeate (kg/m3) 
Cw Solute concentration at the membrane wall (kg/m3) 
d Diameter (m) 
D Diffusion coefficient or dIffusivity (m2/s or cm2/s) 
dh Hydrauhc diameter (m) 
D,mp ImpeIler dIameter (m or cm) 
dmp DIameter of the membrane pore (nm) 
d, Solute dIameter (nm) 
e Elementary charge = 1.602x10-19 (C) 
E Electncal potentlal (V) 
E, Electrostatic energy of interaction (-) 
F Faraday constant = 96,485 (C/mol) 
FR Flux reduction (%) 
h Blade height (cm) 
HF Wall correction parameter (-) 
I Ionic strength (moVL or moVm3) 
J Membrane flux (Um2h) 
Jp Water permeate flux of the fouled membrane (Um2h) 
J, Membrane solvent flux (m3/m2s) 
Jw Water flux (Um2h) 
k Constant (-) 
K Solution conductlvity (S/m) 
k8 Boltzmann constant (JIK) 
km Mass transfer coefficIent (m/s) 
kp Permeability (m2) 
I Sample thickness or path length (cm) 
L Axial length of the membrane (m) 
Le Membrane channel length (m) 
Le Entry length (m) 
Lm Membrane thickness (m) 
Lp Permeance (Um2h.bar) 
M Molecular weIght - corrected for polydlspersity (g/mol) 
M Membrane length (mm) 
Mn Number average molecular mass (g/mol) 
xv 
Mw Molecular weight (glmol) 
NA Avogadro's number (l/mol) 
nb Number of stIrrer blades (-) 
P Hydrodynamic pressure (Pa) 
Pw Wetted penmeter (m) 
Q Flow rate (ml/s) 
Qw Water penneation volume (L) 
r RadIUS (radial position along blade) (cm) 
R Membrane rejection coefficient (%) 
Ra Resistance due to adsorption (l/m) 
re CritIcal radIUS (cm) 
Re Cake resistance (l/m) 
Rep Resistance due to concentration polarisation (l/m) 
rf Final (maximum) blade radius (cm) 
Rf Fouling resistance (l/m) 
Rg Gel layer resistance (l/m) 
RIg Ideal gas constant = 8.314 (JIK.mol) or 0.0821 (L atm/mol K) 
Rm Membrane resistance (l/m) 
r a Zero radIUS (cm) 
Ra Observed retention/rejectIOn coefficient (-) 
rp Pore radIUS (nm) 
Rp Pore blocking resistance (I/m) 
r, Stokes radius (nm) 
R, Solute resistance (l/m) 
r,e Cell radius (m) 
R, Total membrane resistance (l/m) 
R/r True retention/rejection coefficient (-) 
SF Stenc hindrance parameter (-) 
So Observed sleving coefficient (-) 
T Temperature (K) 
u Fluidlcrossflow velOCity (m/s) 
V SolutIOn volume (L) 
Wsc Glass cell width (cm) 
x Distance from membrane surface to bulk (m) 
y Constant (-) 
z Distance from surface (m) 
Z Number of effectIve charges on the molecule (-) 
ZI Charge number of the IOn (-) 
X Constant (-) 
LIP Apphed or transmembrane pressure drop (Pa) 
LIP m Pressure drop across the membrane length (Pa) 
LIt Sampling time (h) 
LlW, SolvatIOn energy barrier/Born energy (J) 
a Constant (-) 
( Zeta potential (mV) 
,11rm Membrane osmotic pressure difference (-) 
Il OsmotIc pressure (atm) 
p Constant (-) 
X Constant (-) 
XVI 
o Membrane thickness (m) 
Ob Boundary layer thickness (m or mm) 
& Molar extinctIOn/absorption coefficient (moUL.cm) 
e,. DIelectric constant (-) 
&0 PermittlVlty of free space (C2/J m) 
rp PartitIoning coefficient (-) 
Y Surface tensIOn (N/m) 
it LIquid-vapour interface surface tension (N/m) 
Yms Shear rate at the membrane surface (lIs) 
Ys Solid-vapour interface surface tensIOn (N/m) 
YSL Solid-liqUId interface surface tension (N/m) 
TT Solute diameter to pore dIameter ratio (-) 
A Ratio of solute to the pore radii (-) 
An Debye length (m) 
P Solution vIscosity (Pa s, cP or P) 
P20.C ViSCOSIty at 20°C (Pa s) 
Pel Electrophoretic moblhty (m2N.s) 
PT VIscosity at temperature T (Pa s) 
B Contact angle (0) 
p Density (kg/m3 or g/mL) 
(J' Reflection coefficient (-) 
(J'rn Membrane surface charge denSIty (C/m2) 
'I' Shear stress (N/m2) 
(l) Angular velocIty (rad/s) 
\110 Electrical or double-layer potential (V) 
\liE Electrostatic energy of interactIOn (J) 
XVIi 
Chapter I - Introduction 
Chapter 1 - Introduction 
ThIs thesis is concerned wIth the topic of ultrafiltration (UF). Membrane fouling is 
known to be a major Iimitmg factor in terms of wider mdustnal application of this, and 
other, membrane filtration processes. Moreover, it has more recently been demonstrated 
both theoretically and experimentally that UF is not solely governed by separation 
based on sIze Other factors such as hydrodynamic condItions and solution environment 
are known to mfluence separation performance. In the last decade it has become 
increasingly obVIOUS that charge effects at the colloidal level may be exploited in order 
to selecttvely separate macromolecules. As a result, a range of techniques have emerged 
whIch may be used to place a charge onto the membrane surface. 
It was desired to better understand the underlying prinCIples that govern filtratIOn using 
conventIOnal, polymeric membranes when factors such as solutton pH, iODIC strength, 
operating pressure etc. are varied Moreover, a range of characterisatIOn methods such 
as molecular weight-cut off measurements using dextrans and scanning electron 
microscopy were employed to provide phYSIcal data on the asymmetric membranes 
employed. This work also studied the separation performance of plasma-modIfied 
membranes. Such modified membranes were produced in collaboratIOn with Wroc1aw 
University of Technology, Poland, by modifymg the surface of commercially avaIlable 
polyethersulphonel (PES) membranes through the applicatton of low-temperature 
plasma and subsequent dlPpmg mto acrylic aCId solutton Charged groups can thereby 
potenttally be placed on the membrane surface providing one way of utihsing charge 
effects in membrane filtration. 
In a laboratory environment membrane filtration studies are frequently carned out by 
employmg stirred cell systems. However, It IS well known that mdustrial applications 
are invanably conducted employing crossflow (module) systems therefore questioning 
the vahdlty of some laboratory results in terms of their scalablltty. Hence, a crossflow 
apparatus was deSIgned and a range of expenrnents were carried out WIth both a stirred 
ceIl and a crossflow cell. 
I Polyethersulphone membranes were conSidered synonymous to polyethersulfone membranes, 1 e 
refemng to the aromatIc polymer composed of phenyl groups Imked by ether and sulfone groups. 
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1.1 Background 
Substantial commercial mterest in protem separation using UF processes is in eVidence 
over the last two decades. Advantages of UF over other processes include relative cost 
effectiveness, high selectivity, low energy requirements and the gentle concentration of 
protems. Until recently UF was not considered as a fractlOnation method as protein 
fractlOnation could only be conducted successfully if the protems to be separated had at 
least a ten-fold difference in molecular weight Recent research has shown that viewing 
UF as a purely size-based separatIOn process is not correct as a number of studies have 
shown that electrostatic interactions are crucial forces acting at the size range of interest 
(Burns and Zydney, 1999; Burns and Zydney, 2001; Intanl et ai, 1997; Mehta and 
Zydney, 2006, Teng et al., 2006). It has been known for about a decade that solute 
separation of proteins or other macromolecules of similar molecular weight IS possible 
by adequate control of the pH, ioUlc strength and applied pressure conditions (Saksena 
and Zydney, 1994). 
The introduction of charged groups on the membrane surface has been found to aid not 
only in the separation of proteins of sirrular molecular weight but also in reducmg the 
depoSItion of proteins at the membrane surface. thiS is one of a range of methodologies 
(changing of the feed pH, membrane pretreatment, use of spacers or turbulence 
promoters, applicatIOn of back flushing etc ) which may be employed in order to reduce 
the extent of membrane fouling 
1.2 Objectives 
This research project was aimed at two aspects of protein UFo Firstly, it was desirable to 
study the separatIOn behaVIOur of proteins m two different laboratory scale systems, 
namely the commonly used stirred cell system and a purpose-built cross flow system. 
Secondly, it was of mterest to study the potential differences between protein filtratIOn 
using conventional, unmodified membranes and polymenc UF membranes that were 
modified by low-temperature plasma. 
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The origmal objectives of the research included: 
• Development of a crossflow apparatus for UF studies 
• ProteIn filtration studies under varying pH and ionic strength conditions 
• Comparattve filtration studies using both a stlITed cell and crossflow device; 
mfluence of hydrodynamic effects 
• Modification of the membrane surface in order to obtam a novel membrane 
surface 
• Charactensation studies of both unmodified and plasma-modified membranes 
• Elucidating differences between UF USIng unmodified and plasma-modified 
membranes 
1.3 Thesis outline 
This thesis IS divided into the following chapters: 
• Chapter 2 - Literature Review 
The UF process and the various mfluences on membrane foulmg are discussed 
in the hght of published work by other researchers. Several techniques, In 
particular low-temperature plasma modification, are reviewed to demonstrate 
how they can be used to alter the surface and hence separation characteristics of 
a membrane. 
• Chapter 3 - Modelling of the Ultrafiltratton Process 
Early UF models are descnbed and more recent models, which take into account 
additIOnal factors not considered in the traditIonal models, are introduced. An 
overview of some of the more common models is also provided and the 
foundation IS laid for their use in aldmg the interpretation of the results 
presented ID Chapters 6 and 7. 
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• Chapter 4 - Matenals, Methods and Expenmental Apparatus 
The experimental methodologies and the stirred cell and crossflow devices 
employed m the research are descnbed. In addItion, the low-temperature plasma 
surface modIfication apparatus is also mtroduced. This apparatus was employed 
for the modlficalIon of PES membranes with the intention to improve membrane 
filtralIon characteristics. 
• Chapter 5 - Membrane CharacterisatIon 
A range of charactensation methods were employed to aid the understanding of 
filtration behaviour for a given membrane. Important results obtained from the 
various techniques used are hIghlighted m order to help support the findings 
presented in Chapters 6 and 7. 
• Chapter 6 - FIltration with UnmodIfied Membranes 
Expenmental results of an mvestigation mto the effects of pH and IOnic strength 
on the filtration of proteins usmg the two different filtration devices are 
descnbed. The chapter is completed by a discussion and interpretalIon of the 
expenmental findmgs m relatIOn to the literature and WIth the help of the 
filtration models outlmed in Chapter 3. 
• Chapter 7 - Filtration with Plasma-Modified Membranes 
The filtration of proteins usmg plasma-modIfied membranes is discussed. The 
results are interpreted with the aid of models in a SImilar manner to that 
employed in Chapter 6 but WIth the addItIOn of a charge-based model. 
• Chapter 8 - Overall ConclUSIOns and Recommendations 
The conclusions of the research findings are presented together with pOSSIble 
areas for future research. 
The AppendIces mclude a Itst of publications, more detail of the crossflow apparatus 
deSIgn, detailed calculalIons and addItional experimental data. 
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Chapter 2 - Literature Review 
Typical effects that are important in the context of this thesis and which govern 
separation during ultrafiltration (UF) such as membrane foulIng, membrane cleaning 
and the Influence of electrostatIc interactions are reviewed. The study of charge effects 
and hydrodynamic conditIons on UF has found more Interest in recent years and both 
are discussed. Furthennore, the modification of the surface of polymeric membranes is 
described, particularly where a low-temperature plasma modIfication technique is 
employed. Since It has been both theoretically and expenmentally demonstrated that 
charge effects can play a vital role during UF, charge modification of the membrane 
surface is of great Interest. Existing work in this area is hIghlighted and shortcomings 
are pointed out where appropriate. 
2.1 Concepts of ultrafiltration 
UF IS a pressure-driven membrane process where the typical pore size ranges from 
approXImately 2 to 100 urn and the molecular weight cut-off (MWCO) varies between 
1 and \000 kDa (Rautenbach and Albrecht, 1989; Schweitzer, 1997). FIltrate flux rates 
are commonly reported in Llm2h (LMH) and typically range from 25 to 250 LMH 
(Desai, 2000). UF processes are mostly operated at 0 2 to 4 bar(g) transmembrane 
pressure (TMP). 
Macromolecular solutes such as protems are separated from a solvent, typically water. 
At the industrial scale, factors such as the level of penneate flux and frequency of 
membrane cleaning IS of particular Importance in detennmIng the processing cost 
(Watte et ai, 1999). Penneate flux IS detennined by several factors includmg the 
membrane nominal pore size, the amount of fouling, the extent of concentration 
polansation (solute bUIld-up near the membrane surface) and charge mteraclton effects 
between the solute and the membrane as well as solute-solute Interactions, all of whIch 
are descnbed further below (see also, for mstance, AlmeclJa et ai, 2007; Bhattachatjee 
et ai, 1996; Blatt et ai, 1970; Fane and Fell, 1987; HoweIl et ai, 1999, Opong and 
Zydney, 1991; Tarleton and Wakeman, 1993; Wijmans et ai, 1985; Zhang and LIU, 
2003). 
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2.2 Membrane fouling 
Membrane fouhng has been Identified by numerous authors as one of the key problems 
in pressure-dnven membrane processes (Bartlett et al., 1995; Chan et at, 2002; Fane 
and FeU, 1987; Lindau and Jonsson, 1999; MarshaU et aI., 1993, Meireles et ai, 1991; 
Nabe et al., 1997; Nystrom, 1989; Steen et al., 2001). It is important to dlstmguish 
genuine membrane fouling from the phenomenon of membrane compaction, the 
denslfication of a polymeric, porous membrane structure due to a high feed pressure 
(Mosqueda-Jlmenez et al., 2004b). One method to combat foulmg is to modifY the 
surface of the membrane in order to prevent non-specific adsorptIOn of solute (e g. 
proteins), a modification that can be performed in a number of different ways. 
Foulmg has been defined as the process resultmg in loss of performance of a membrane 
due to deposition of suspended or dissolved substances on its external surfaces, at its 
pore openmgs, or within its pores (Koros et ai, 1996). ConcentratIOn polansatlOn 
(Section 2 2.2) is a largely reversible phenomenon that must not be confused with true 
causes of membrane fouling (Schaefer et al., 2005). Many authors consider a membrane 
as irreversibly fouled only if the original process flux cannot be restored after flushing 
With water and/or chemical cleanIng (Cheryan, 1998; Van der Bruggen et al ,2002). It 
IS apparent that membrane fouhng can be considered to be the main problem limiting 
more widespread commercial apphcatlOn ofUF. Fouling problems and potentIal fouling 
control methods for UF membranes have been reviewed by Fane and FeU (1987) More 
recently an ultrasonic technique was developed enabling a more accurate analysis of 
protein fouling (Li et al., 2005). 
Commonly, flux decline is rapid at the beginmng of the UF process and thereafter 
becomes less pronounced emphasizing its time dependency. Flux decline may be more 
pronounced due to progressive blocking of membrane pores which, In some cases, may 
lead to entirely blocked pores (Figure 2.1). 
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Figure 2.1. Illustration of typicalllux decline due to membrane fouling/pore loss 
(Fane and Fell, 1987). 
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The dramatic decline in permeate flux (also observed in other membrane processes) can 
be attnbuted to progressive solute accumulation at the membrane surface which tends to 
lessen once a near equihbrium filtration rate has been established. Fouhng may be 
separated mto two mechanisms where, firstly, rapid depOSition of molecules at the 
membrane and some penetratton takes place. Secondly, in some mstances, a secondary 
layer of molecules (or particles in the case of microfiltration) is formed adjacent to the 
membrane surface which can then even become the layer dictating the filtration process; 
this layer IS also termed the "dynamic membrane" (Tarleton and Wakeman, 1993) 
Common approaches to hmit fouhng include (Schaefer et at , 2005): 
a) Selection of a membrane material which mmimises attractive mteractions 
between the fouling substance and the membrane surface 
b) Use of pretreatment methods to remove the mam fouling components from the 
feed 
c) Membrane module design and operatIOn mcludmg the promotion of turbulent 
flow and lower pressure operatton to reduce foulmg effects. 
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The approach relevant to the current work is to mtroduce charged groups onto the 
surface of a polymeric membrane wIth the mtention to make use of charge interaction 
effects and to potentially improve membrane characteristJcs (Section 2.5.2) 
Fouling tends to be more extensIve when a membrane has hIgh pure water permeabIlity 
or If the contact angle (SectIOn 5 7) is large (Manttari et al., 2002). However, such 
observatIOns are not always true for solvents other than water and the foulmg tendency 
is more closely dependent on the relatIOnship between the pore size and the size of the 
potentJal foul ant. The observation concerning the contact angle is in agreement with the 
fact that a more hydrophilIc membrane has a low contact angle. Moreover, studies of 
intermolecular forces between the protein lysozyme (L YZ) and a modIfied 
polysulphone (PSU) film confirm that a hydrophIlic membrane can not only possess a 
low contact angle but also feature less fouhng, reduced adhesion forces and less 
adsorbed matenal (Koehler et al , 2000). 
2.2.1 Internal and external fouling 
Membrane fouling can occur at dIfferent locations mcluding the selective layer surface 
and the pore walls (HIlal et ai, 2005). Internal fouhng refers to the deposition and 
adsorptIOn of small particles or molecules onto the pore entrances or the inside of a pore 
of the membrane whereas external fouling refers to the accumulation of rejected 
molecules upon the membrane surface (Chol et ai, 2000). Especially in protein 
filtratIOn, adsorptIOn or depositIOn of macromolecules may lead to slgmficant flux loss 
(Kim and Fane, 1995). Two main mechanIsms of irreversible fouling are often stated 
dunng protem processing, namely pore narrowing due to protein adsorption and pore 
plugging (Lindau and Jonsson, 1999) Protem adsorption mostly refers to adsorption of 
macromolecules to the membrane surface or membrane pores without blocking off the 
entITe pore. Pore plugging refers to blockage inside the pore where the 
macromolecule(s) actually completely block(s) off the trajectory path of the pore. The 
three different forms offouhng mentioned are schematically illustrated in FIgure 2.2. 
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Figure 2.2. Illustration of three different types of membrane fouling. 
Many researchers have examined the influence of fouling on flux reduction Less 
attentIOn has been paid to the effect of fouling on the retention of typical 
macromolecules such as protems by the membrane. Schafer et al. (2000) demonstrated 
that UF membrane rejection increases WIth foulIng, mainly due to a reductIOn in the 
membrane pore size as a result of both, pore pluggmg and adsorptIOn of 
macromolecules inSIde the pores According to Boyd and Zydney (1998) foulmg due to 
adsorption is also influenced by the hydrodynamIC drag exerted during filtration They 
found that the protem layer formed at the membrane surface was much more tightly 
packed dunng pressure filtration compared to statIc adsorption expenments. 
2.2.2 Concentration polarisation 
Concentration polansation is the result of solute accumulation adjacent to the membrane 
surface, a phenomenon which has been reVIewed by Song and Elimelech (1995). The 
concept IS valid in both microfiltratlOn (MF), typical size range of 0 I to 20 flm 
(Tarleton and Wakeman, 2007), and UF, and It is often descnbed as the formation of a 
'cake layer' of molecules (or partIcles when refemng to MF) at the membrane surface 
whIch causes an increase in the hydraulic resIstance to filtrate flow. The process IS 
essentially totally revefSlble and does not consider attractive interactions between 
deposited solutes and those in the bulk (Bacchin et al , 2002) 
Polansation of solute at the membrane surface causes a non-lInear relatIOnship between 
permeate flux and pressure (Porter, 1972). ConcentratIon polarIsatIon occurs WIth 
varying degrees of solute accumulation largely dependent on the pore sIze to solute size 
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ratio in the absence of charge effects. In any case, concentration polarisation provIdes 
extra resIstance to flow in addition to the membrane and boundary layer resIstance 
(Cheryan, 1998). A schematic descriptIon of concentratIOn polansatlOn, based on a 
schematIc by Van den Berg (\988), helps to illustrate the phenomenon (FIgure 2.3) 
Bulk feed Boundary layer 
~ 
Cl 
Cf 
Q 
Ddc 
=-dx 
i 
4 
q, 
t 
x=o 
• 
Membrane 
x 
Boundary conditions' 
)(=O,c=CM 
x:; -1\,: C :; Cl 
Figure 2.3. Concentration polarisation schematic, adapated from Van den Berg (1988). 
The frequently used film model is based on Figure 2.3 above and discussed m more 
detail m Chapter 3. Bacchm et al. (2002) demonstrated schematically how concentratIOn 
polarisatIon fits into other fouling mechanisms occumng at the collOIdal size range 
(Figure 2.4). The dIagram implies that as the driving force increases, molecule 
depositIOn or the formatIon of a tight gel layer becomes more likely, which typically 
occurs at a TMP beyond which the permeate flux does not notably mcrease WIth an 
increase in TMP. 
Several methods eXIst to counteract the extent of polarisatIOn includmg mcreasing shear 
stress at the wall, operating at a lower TMP and employing hIgh solution velocities 
notmg that the latter does not always lead to an improvement 
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Figure 2.4. Fouling mechanisms and concentration polarisation, adapted from Bacchin et aL (2002). 
2.3 Membrane cleaning 
Cleanmg, despite its importance, IS not as widely covered In the literature as other 
membrane-related issues. Cheryan (1998) POints out that what is really a cleaning 
problem is often mistaken for a foulIng problem. Cleaning is cntical to membrane 
lifehme. Generally, three types of cleaning are distinguished: chemical, thermal and 
mechanical c1eamng all of which are mfluenced by the cleaning time. 
The stability of the membrane becomes important when harsh chemical cleaning agents 
with extremes of pH are used. In thiS context it should be pointed out that strong 
chemical c1eanmg agents may have undesirable effects on the membrane structure and 
care must be taken that no structural changes occur as a result of their use. Cleaning is 
thought to be most successful at low operatmg pressures because a high TMP may 
result in renewed depOSition of unwanted matenal in the membrane pores. A decreasmg 
c1eanmg performance with an increase in TMP was confirmed m the work by Bartlett et 
al. (1995) In fact, Nystrom and Zhu (1997) confirmed that If c1eamng IS performed 
under pressure adverse effects may be observed which they attnbuted to addIUonal pore 
plugging and a hmdered effect on diffusion of fouling matenal out of the pores A 
combination of c1eanmg Without applicatIOn of pressure followed by the application of a 
low pressure may be advisable. 
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Adequate cleamng of fouled membranes is very important because of its Impact on 
membrane lifetime. Interactions between the foulant and the c1eanmg agent were found 
to be dependent on membrane hydrophIlicity, membrane charge and morphology (Wels 
et aI, 2003). A comparison of relatIve flux decline due to fouling of a PES and a PSU 
membrane showed that the latter was more susceptIble to fouling than the former which 
the authors attributed to a lower surface charge on the PSU membrane (Wels et aI, 
2003). A typIcal membrane filtration cycle and the effects of cleanmg are Illustrated m 
FIgure 2.5. 
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Figure 2.5. Typical flux decline and level of recovery due to cleaning. 
Diagram adapted from Pieracd e/ aL (1999). 
2.4 Solution chemistry 
Proteins are polymers made up of different amino acids and It is the functIOnal groups at 
the outer edges of the protein structure that dIctate the charge of the protein and they can 
be altered by changing the solutIOn envIronment Hence, factors such as the solutIOn pH 
and solution ionic strength become important In addItion, any charge on the membrane 
itself is dependent on the solution condItIons. 
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2.4.1 Electrical double layer and streaming potential 
Over the colloidal size range charge mteractions between, for mstance, proteins and the 
membrane surface and also protein-protem interactions are promment. A hke charge on 
the membrane surface and the protein, for example, will cause electrostatic repulsion 
between the two entities, which is one way that can help to reduce fouhng. When charge 
interactions are of importance the concept of the electrical double layer (EDL) has to be 
taken into account The EDL describes the interfacial region in a system where ions are 
present which can be regarded as two charged portIOns with an equal and opposite 
charge. 
e 
e 
e e 
e 
e 
e 
Zeta potential."," 
measured at shear plane 
Decay of potential!n the 
-- diffuse do uble Jaye r 
She,lT pi ane 
Distance from 
surface, Z 
Figure 2.6. Illustration of the electrical double layer and zeta potential. 
An EDL will also be present around a molecule in an electrolyte solution as graphically 
Illustrated m Figure 2.6. Here, zeta potential is also shown which is related to the 
electrostatic potential caused by the charge difference between the colloid particle or 
molecule and any reference pomt in the bulk liquid In essence, the zeta potentJalls the 
electncal potential measured at a distance from the interface between the Stern layer 
(the ion layer of opposJte charge surrounding the molecule m a hquid) and the diffuse 
layer m liquid systems Motion is requlfed for the zeta potential to be measured and 
therefore the potential is not a measure of the true potential on the molecule but at the 
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shear plane, a small distance from the surface. In summary, there are two layers formed 
around a molecule In an electrolyte solutIOn, the Stern layer and the diffuse layer which 
are referred to as the ED L 
The thickness of the EDL and its interaction With other molecules and a membrane 
surface has a noticeable effect upon permeate flux and membrane foulmg. The EDL IS 
an Important part of the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory which 
concerns the forces acting between charged surfaces (e.g. molecules, the membrane or 
any other particle immersed in a polar liquid) In a liquid environment. Essentially the 
DLVO theory is concerned with the balance between electrostatic repulSive forces and 
van der Waal's attraction forces. RepulSIOn occurs as the electric fields of two charged 
spheres approach each other and an overlap of their outer layers occurs. The repulsive 
force creates an energy barrier which may be overcome if the van der Waal's force 
exceeds the repulsive force often coincidmg with a decrease in distance between the two 
charged spheres. In other words, If intermolecular repulsive forces are sufficiently low, 
then aggregatIOn occurs and attractlve van der Waal's forces prevail. The maguitude of 
the energy bamer can be influenced by changing the solutIOn IOnic environment or the 
pH. The EDL itself is Influenced by the ionic strength in that a high ion concentratIOn 
causes the double-layer to compress. The important phenomena of this theory are best 
descnbed in a diagram (Figure 27). In summary, the DLVO theory allows the 
determination of the net potential energy between two colloidal spheres by combInation 
of the van der Waal's attractive force model and the electrostatic repulsion model. 
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Figure 2.7. Eletrical double-layer and ionic strength charge interaction. 
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The streammg potential, a measurement technique which can be used to determme the 
zeta potential of a colloidal particle/molecule or that of a surface such as a membrane 
plays an important role in mterpreting any charge interactions According to Shaw 
(1992) the streaming potential is defined as the "electnc field which IS created when 
hquid IS made to flow along a stationary charged surface". In contrast to other 
electrokinetic effects such as electrophoresis (an electric field is applied to move a 
charged surface relative to a liquid), or electro osmosis (an electric field is applied to 
move the liqUId relative to a surface), a pressure gradient mstead of an electric field is 
applied to move the hqUld through the porous medIUm resulting m an electric potentia! 
that may be measured usmg a sensitive electrometer (Hunter, 1981). On a molecular 
level It is the charge in the mobile part of the electncal double layer which is transported 
towards the pore ends causing charge accumulation, thereby creatmg the electrical field 
(Chiu and lames, 2006). 
Nystr6m et al (1998) conducted streaming potential measurements on fouled 
membranes and converted these measurements into zeta potentlals Comparing the zeta 
potentlal of several fouled membranes allowed them to determme which protein caused 
the fouling. Another apphcation of the streaming potential techmque is to estlmate the 
interaction between the membrane and a foulant and for general investigation of the 
surface charactenstlcs of UF membranes (Lawrence et aI, 2006). The techmque is 
important because protein fouling can depend on the interaction of the protem charge 
with the charge on the membrane as determined by the zeta potential (Nystrbm et al., 
1994). Both a streammg potentlal through the membrane pore and along the surface of 
the membrane can be measured Lawrence et al. (2006) pomt out that most 
measurements are conducted through the pore, because most often the charge potential 
of the membrane and the identificatIOn of the isoelectric point (pI) of the membrane are 
of interest, whereas the other technique IS used to observe any potential change with 
distance along the membrane surface Moreover, any charge m the pore or the pore ends 
has been found to be more Important m terms of its effect on filtration than the charge 
on the membrane surface (Plhlajamaki, 2007). At the Isoelectnc point (pI), sometimes 
also referred to as the !EP, the molecule/particle or charged surface in questlon has an 
overall net charge of zero. The pI is defined as the hydrogen ion concentration in 
solutton at which dipolar IOns are at a maxImum (Walker, 1995) Generally, protems 
tend to be least soluble (but not always) at their pI (Cooper, 2004) 
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Figure 2.8. Electrostatic interactions between protems at varying pH, adapted from Cooper (2004). 
Figure 2.8 shows the effect of pH on the interaction between protems in aqueous 
solution. The zeta potenhal, 1:;, of a membrane is typically calculated by converting 
streaming potential data mto zeta potentlals usmg the Helmholtz-Smoluchowskl 
equation (Hunter, 1981): 
(2.1) 
where !lIS the liqUId viscosity, K the solution conductivity, LiE the streaming potential 
(as a result of the apphed pressure), Co the permIttivity of free space, Cr the dielectnc 
constant and LJP the pressure dIfference across the channel. An example of a graphIc 
depiction of a typical zeta potential graph obtained for a polymeric membrane through 
which a dilute electrolyte solution is passed is presented m FIgure 2 9. The zeta 
potenttal can be used to determine the pI (4.2 in the example below) ofa material and to 
quanhfy the charge potential of that matenal at a gIven solution pH (Martin et al , 
2003). 
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Figure 2.9. Variation in zeta potential with pH through a typical polymeric membrane, 
adapted from Lawrence et aL (2006). 
2.4.2 pH effects 
The pH of a solution is an important factor m determmmg any charge on the membrane 
and the solute. It has also been demonstrated that the mfluence of pressure on the 
permeate flux rate IS pH dependent (Nystrbm et aI., 1998) and It must be noted that 
many other parameters are also under the influence of pH. Therefore, a change m the 
solution pH has a direct effect on the transmission of proteins through a UF membrane. 
In this context, the concept of the pI IS of importance, particularly for proteins as they 
are amphoteric molecules, i e. they possess both acidic and basic functional groups and 
are positively charged below their pI and negatively charged above their pI (as shown in 
Figure 2.8). 
Several studies have shown that protein transmission IS generally highest at the pI 
(Bums and Zydney, 1997; Gan, 2001; Nystr6m et af , 1998). This may be explamed in 
that electrostatic mteractions between proteins and the membrane are thought to be 
minImal at the pI of the protein due to the neutral charge (Salgm, 2007). The same 
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author also points out m her study that bovine serum albumin (BSA) permeate flux was 
higher above the pI and at its lowest below the pI. It was concluded that both the 
membrane and the protein were negatively charged above pH 4.9 (the pI of BSA) 
resulting in lower fouling levels. During protein filtration wIth a commercial 
nanofiltrabon membrane (polyplperazine amide on a PSU mlcroporous support) 
Teixeira et al. (2005) also found protein retention to be lowest at the pI and noted the 
highest permeate flux rates at this pH. The result stands in direct contrast to the work by 
Ghosh and Cui (1998) who found permeate flux to be at Its lowest during BSA filtratIon 
with UF membranes. TeIxeira et al. (2005) also studied several electrolyte solutions and 
measured the respecbve zeta potential along the surface and through the pores of the 
nanofiltration membrane. On the one hand it was found that the negabve charge of the 
membrane mcreased with an increase in pH. On the other hand the electrolyte solutIOn 
flux decreased with an increase in pH. The membrane pores were found to be less 
negatively charged than the membrane surface, albeit the pI remained the same. 
The level of pH is known to be a parameter that, if correctly adjusted, can prolong 
membrane lifetIme and reduce fouling as made evident in the work by Teixeira and 
Rosa (2003) It becomes apparent that solubon pH can govern the separation process to 
some extent hence collOidal interactions have been studied over different pH ranges 
(e g. Van der Meeren et af, 2004). These authors studied filtratIOn of colloidal SIlica 
dispersIons at different pH and electrolyte concentrations through semI-ceramic 
zIrconiaJPSU membranes and observed that strong interactions between the membrane 
surface and charged colloids occurred when the membrane and the colloid charge were 
OppOSIte, resulting in senous flux declme. This study demonstrates that it is not always 
wise to assume that pH adjustments in a manner where repulSIve forces between the 
solute and the membrane dominate lead to both improved flux and increased retention. 
It has been mentioned earlier that the pI of a membrane can be found usmg streaming 
potential measurements (see Section 2.4.1) which are subsequently converted mto zeta 
potenbals. If the pI of a molecule/partIcle is of mterest then electrophorebc mobility 
measurements in an electrolyte solution can be conducted using a zeta potential 
mstrument. 
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2.4.3 Ionic strength 
The ionic strength is defined as a measure ofthe intensity ofthe electric field existing in 
solution (Walker, 1995) and mathematically expressed as: 
(22) 
where z, is the charge number of the ion and C, the molarity concentration. The 
magnitude of the iomc strength can have a significant impact on permeate flux ChOl et 
al. (2003) demonstrated that during the filtration of carboxylated microspheres an 
increase in the ionic strength resulted in a steeper flux decline. The authors attnbuted 
this result to a compressed electrical double layer around the spheres whIch resulted in 
higher packing density and increased resistance to permeate flow. SImIlar findmgs were 
reported by Falbish et al (l998) who explained the reduced permeate flux at a higher 
iomc strength with a decrease in the Oebye screening length (Coulomb interactions 
become unimportant beyond this distance (as ionic strength increases), see Section 2.4.4 
and equation (2.3}). Salgin (2007) studied electrostatic interaction effects dunng BSA 
separatIOn from solution tU a crossflow system at different pH and ionic strength. Her 
results are in direct contrast to the findmgs of Falbish et al. (1998) since the study 
showed permeate flux to increase with an increase in ionic strength (both groups used 
KCl and comparable Ionic strengths). Walte et al. (1999) studied a hemattte suspension 
in a batch cell system and found permeate flux decline to be less severe at high iOnIC 
strength. Again, this observation contrasts the findings by Chol et al. (2003) and Falbish 
et al. (1998). The discrepancy may be explained in the sIze difference of the molecules 
and partlculates employed in companson to the membrane cut-off The studies by 
Salgin (2007) and Waite et al (l999) considered solutes which were significantly larger 
than the typical pore size of the membrane hence 100% rejection could be expected at 
any solutIOn chemical conditIOn. Therefore, one can argue that the hydraulic resistance 
of any foulmg layer on the membrane is lower when the combined effects of solutes 
unable to penetrate the membrane and the absence of electrostatic repulsion effects due 
to increased ionic strength are present. In the work by both Falbish et al. (1998) and 
Choi et al. (2003), however, the membrane nommal pore size was large enough to allow 
at least some solute transmission. It may be that the effect of IOmc strength and any 
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foulmg layer(s) formed under such conditions are different to the properties a fouling 
layer will have If the solutes are completely rejected by the membrane. Such a 
conclusion is supported by the study of Klm et al (1993) who found that for a 
polymeric membrane With a pore size large enough to transmit some of the solute 
(silver particles) a low ionic strength (i e. non-aggregated state) resulted in significant 
flux decline due to pore blockmg effects. In the aggregated state, at higher ionic 
strength, particles which prevIOusly were able to block the pore were now retained in 
the fouling layer(s) at the surface, hence limiting the severity of flux decline. 
Zeta potential is dependent on ionic strength which becomes evident m the decreased 
potential of both the membrane and the protem at higher iomc strength; as measured by 
Salgin (2007). This finding supports the theory of gradual charge-shielding or 
compression of the electrical double layer as a result of an increase in ionic strength 
(Mulder, 1991; Rablller-Baudry et ai, 2001; Shaw, 1992). 
2.4.4 Electrostatic interactions 
Electrostatic interactIOns are the result of fixed charges and the magmtude of the 
electrostatic force is dependent on the distance between charges. Such mteractions can 
anse from different forces actmg between molecules, for instance, hydrogen bonds, van 
der Waals forces or salt bndges. Several studies have examined the importance of 
electrostatic interactions (Burns and Zydney, 2001; Ebersold and Zydney, 2004a; 
Femandez et ai, 2005; Mehta and Zydney, 2006; Menon and Zydney, 1999, Pujar and 
Zydney, 1994; Pujar and Zydney, 1997, Rezwan et ai, 2005; Saksena and Zydney, 
1994; Salgm, 2007). 
Kato et al (1995) conducted protein adsorptIOn tests on polymer surfaces grafted with 
ionic polymer chams m order to investigate the mterrelation of adsorption and 
membrane fouhng. Their WOIX showed that electrostatic interactions were prominent 
and attractive forces dommated when the protein and membrane surface charge were 
opposite, whilst repulSIVe forces dommated at hke charge. Notably, adsorptIOn tended 
to be prevented, or at least reduced, when the protein was of hke charge to the ionic 
substance on the membrane surface. However, at opposite charge, accelerated protein 
adsorption was observed and hnked to the IOnic polymer chains at the membrane 
surface. In addl!ton, the same authors grafted non-IOnic polymer chains, such as 
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acrylamide, onto the membrane surface which resulted in low adsorption independent of 
the pI (see Section 2 4.2) of the protein which was ascnbed to steric hindrance effects. 
Falblsh et al (1998) investIgated the effects of electrostatIc InteractIOns on penneate 
flux dechne and cake layer fonnation using a crossflow filtration apparatus with a 20 
nm pore size membrane. They studied slhca colloidal suspensions of different sizes over 
a pH range from 6.1 to 10 0 and considered four different ionic strengths The authors 
concluded that an Increase in ionic strength leads to more severe flux decline and hence 
a steady-state flux was reached more quickly than at a lower ionic strength Moreover, 
the authors showed that on InspectIOn of the equation for the Debye screening length In 
an electrolyte (AD), as the ionic strength increases the repulsive force between molecules 
decreases such that 
(2.3) 
where ka is the Boltzmann constant, T the absolute temperature, NA the Avogadro's 
number, e the elementary charge and I the IODIC strength of the electrolyte. The 
significance of the Debye screening length IS a way to express the 'double-layer 
thickness' and if a diagram of electrostatic potential versus distance (of a charged 
sphere from a charged surface) IS plotted one can clearly see the effect of electrolyte 
concentration on the electrostatic potential Figure 2.1 0 shows that for a 1: 1 electrolyte 
such as NaCl adjacent to a surface With 100 mV potential the decay is more rapid at 
highcr salt concentratIOns. This Implies that the higher the salt concentratIon the more 
rapid the decay, explaining why charged molecules can approach each other more 
closely in a high iODIC strength environment. Falbish et al (1998) also noted in their 
study that pH had little effect over the range studied. Ionic strength effects on filtration 
perfonnance were more pronounced for smaller colloids of about 50 nm in size and 
below. Colloidal particles In excess of 310 nm seemed to be independent of ionic 
strength effects. Proteins, however, are molecules of the order of a few nanometres 
hence IOnic strength effects are Indeed Important, for Instance, In InfluenCIng the 
porosity/penneability offouhng layers. 
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Figure 2.10. Electrostatic potential decay away from a charged surface. 
The surface charge on a membrane is an important property m UF In this context, it IS 
noteworthy that the separation of protems only dIffering by a smgle ammo aCId residue 
has been achieved using UF membranes, although the selectivity tends to be relatIvely 
low. Ebersold and Zydney (2004b) found that a narrower pore size and an increascd 
membrane charge denSIty promote electrostatIc interactions, thereby increasing the 
selectivIty of the process Hence, If electrostatic interactions are desirable for a given 
process It IS senSIble to utIlise a technique capable of placmg a hIgh surface charge 
density onto the membrane surface. In earber studies, Burns and Zydney (2000) showed 
that the surface charge of the membrane varies with the presence of buffer-ions in the 
processmg solution which may have a great effect on the actual surface charge. Their 
findmgs suggest that membrane storage in buffer solutions to prevent bactenal growth 
may have substantial effects on membrane fouling behaviour due to a potentIal shIft in 
the membrane charge. 
2.4.5 EIectroviscous effect 
The e1ectroviscous force is related to the distortIOn of the EDL by the liquid flow (Chun 
and Ladd, 2004). In other words the apparent viSCOSIty of the hquid can be influenced 
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by the surface charge of the membrane pore and the solution iOnIC strength, known as 
the eIectroviscous effect. Its potential relevance dunng membrane filtration of charged 
solutes has been widely recognised (Bowen and Jenner, 1995; Chun and Ladd, 2004; 
Huisman et af, 2000, Pujar and Zydney, 1994; Sbm et af, 2003). The streaming 
potential which develops between the pore ends is what causes the flow of counter-ions 
and water in the double layer regIon near the pore surface (Falbish et af , 1998). 
Electroviscous effects are considered to be of minor Importance if the membrane charge 
is low and may then be neglected (Bowen and Yousef, 2003) However, when the 
charge on the membrane IS high an apparent increase in VISCOSIty may be observed 
during molecule transport through charged pores. 
In a study by Sbai et af. (2003) it was reported that the electroviscous effect has a 
maximum at intermediate iOnIC strength (-50 to 200 mM) but becomes negligible at low 
« 50 mM) and hIgh ionic strengths (> 200 mM). This IS in agreement WIth Faibish et 
af. (l998) who reported the electroviscous effect to be least pronounced at high iOnIC 
strengths. According to Huisman et af (2000) the electrovlscous effect increases WIth 
increasing ·salt concentration m the lower Ionic strength region, then reaches a 
maximum and eventually decreases with further mcreases in salt concentratIOn. 
2.5 Additional effects in membrane ultrafiltration 
Sections 2.4.1 to 2.4.5 have shown that whilst the UF process is predominately a size-
based separation, it is influenced by other factors including charge and solution 
chemistry. Additional factors such as molecule shape and membrane morphology can 
also influence filtration. 
2.5.1 Molecule shape 
Proteins are polyampholytes (a polyelectrolyte containing both acidic and basic 
functional groups) and their SIze, shape and mteractlOn depend on the degree of 
ionisation of their charge groups in an IOnic environment (Sudareva et af, 1992) If 
protem-protein interactions are suffiCiently strong then the effective size of the molecule 
can change. Sudareva et af (l992), for mstance, demonstrated that in a mixture of 
cytochrome-c (pI = 10.6) and human serum albumin (pI = 4.9) at pH 5 5 (I.e. between 
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the isoelectric pomts of the two proteins) electrostatIc attractions occur between the two 
dIfferent proteins causmg "dynamic" molecule formation which are molecules larger in 
their effective size. It is noteworthy that the greater the dIfference in pI between the two 
proteins m a mixtItre, the greater will be their effective sIze due to a larger "excess" net 
charge. 
McDonogh et al. (I989) bnefly mentioned that the shape of a macromolecule such as 
BSA may alter with a change in pH. However, the shape of macromolecules can also 
change wIth variations in, for example, temperatItre, ion concentration or voltage. 
Maruyama et al (2001) studIed BSA fouling on PSU UF and polytetrafluoroethylene 
(PTFE) MF membranes and used Fourier transform infrared spectroscopic analysis in 
order to determine any conformatIOnal changes of BSA. Interestmgly, adsorptIOn of 
BSA onto the somewhat hydrophIlIc PSU membrane resulted in almost no change in the 
BSA structure, whereas conformatIonal changes were observed WIth the MF membrane. 
Oppenheim et al. (1996) investigated conformational changes ofLYZ when interactmg 
with OF membranes using electron paramagnetIc resonance spectroscopy. Their study 
looked at cellulosic (hydrophIlic) and PSU (hydrophobic) UF membranes. WhIlst It was 
possible for the authors to detect a change in L YZ during protein-membrane interaction 
no differences between the two membrane types were observed whIch the authors 
attnbuted to a shortcoming of their testing technique. 
2.5.2 Hydrophilicity/hydrophobicity 
If a material is hydrophIlic It IS attractive to water, i e. in the case of a hydrophilIc 
membrane water will form hydrogen bonds WIth the membrane polymer and itself. This 
is because hydrophilIc membranes readIly adsorb water and a pure water layer is formed 
at the membrane surface because of the high attraction of water molecules to each other. 
The thickness of the water layer IS believed to increase WIth an increase in hydrophilic 
character (Israelachvili, 1992). Hydrophobic materials have a low tendency to adsOIb 
water and exhIbit contact angles greater than 90°. Once the membrane is fully wetted, 
hydrophobic membranes, just lIke hydrophilIc membranes, WIll also be covered by a 
water layer but they are subject to secondary effects such as, e.g. they may be more 
prone to internal foulIng and pore blocking ultimately leading to lower permeate flux. 
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It is generally accepted that hydrophIlic membranes are less prone to fouling than 
hydrophobic ones dunng the filtratIOn of aqueous suspensions (Jonsson and Jonsson, 
1995). If hydrophobic components are present in the feed they will tend to avoid 
attachment to hydrophilic surfaces which IS why hydrophilIc membranes often exhibit 
lower foulIng levels than hydrophobic membranes. In addition, if the membrane 
contains charge groups these tend to form hydrogen bonds with the water thereby 
increasmg the degree of membrane hydrophilIcity. 
2.6 Surface modification of polymeric membranes 
A range of methods exist that are suited to the modification of polymeric membrane 
surfaces. The emphasis m thiS sectton is on membrane modificatIOn by low-temperature 
plasma, also known as a microwave plasma modificatIOn. Polysulphone (PSU) 
membrane modification and polyethersulphone (PES) membrane modification are 
discussed in more detail, because a lot of work has been carried out using the former 
membrane type and the latter IS the base polymer employed for this research 
2.6.1 Methods of modification 
Kemmere and Keurentjes (200 I) summansed methods which have recently been used m 
order to modify the surface of a previously formed porous membrane The idea is to 
mcrease the hydrophIlic character of the membrane and/or to allow functtonalIsatlOn of 
the inherent polymer segments. The methods include chemical oxidatton, plasma 
treatment, classical organic reacttons and polymer graftmg. 
Polymers contammg double bonds, hydroxyl groups or benzene rings can be modified 
by the use of claSSical orgamc reactions to Yield increased hydrophiliclty Graftmg 
methods and the structural properties of grafting surfaces have been extensively 
reviewed by Kato et al. (2003). Polymer grafting can also be mduced by exposure of the 
membrane to ultravIOlet (UV) lIght The use of homogeneous chemical reactIOns to 
graft molecules onto PSU membranes was studied by Nabe et al. (I997). More recently 
it became clear that surface modification of the polymer provides a cheaper and less 
troublesome alternative (Kilduff et al , 2000). Such methods include surface alterations 
by means of low-temperature plasma (U1bricht and Belfort, 1996) and UV induced 
graftmg (Yamagishi et aI, 1995).lt is Important to note that graftmg involves a change 
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in the polymer structure through the creatIOn of additional branches upon the main 
backbone, thus affectmg the membrane permeabihty (Rickles, 1967). A summary of the 
different modification methods available including pretreating the membrane with 
proteins, physical coating, blendmg, chemical and photochemical modification methods 
has been presented by Sun et al. (2003). 
2.6.2 Non-plasma surface modification 
A membrane surface can be modified by exposure to UV light; the process IS commonly 
conducted by Immersmg the membrane in reverse osmosis-treated water during 
exposure (Ehsani et al., 1997). Gamma-ray irradiation of PEG onto hollow-fibre UF 
membranes was conducted by Mok et al (1994) where the modified membrane was 
reported to be less prone to fouling. Harnza et al. (1997) and Mosqueda-Jimenez et al. 
(2004a) employed a castmg method where surface modifying macromolecules (SMMs) 
were added to the surface during the polymensatlOn process. Membranes pnor to and 
after three minutes of evaporatIOn treatment with SMM-contaming solvent with 12% 
and 18% of PES content, respectively, were compared by assessing thelT respective 
scannmg electron micrograph (SEM) (Figure 2.11). Several other authors studied 
placing SMMs onto polymeric membrane surfaces includmg Rana et al. (2005) and 
Khayet (2004) Rana et al (2005) found PES membranes polymerised with SMMs to 
perform better than unmodified PES membranes. However, this method required the 
modification to take place dunng the formation process of the polymer membrane 
which was not wlthm the scope of the current research 
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Figure 2.11. SEM of PES mcmbrnncs modi lied with SMMs. (a) 12 % , 0 min.; (b) 12%,3 mins.; 
(c) 18% , 0 min.; 18% , 3 mi ns. ('Moscqucda-Jimcncz et a!. , 20043). 
Another technique used to increase the hydrophi licity of PES and PSU membranes is 
UV-assisted graft polymerisation using different hydrophi lic monomers, fo r example, 2-
acrylamidoglycolic acid monohydrate (AA G) (Kaeselev et 01., 200 1; Kilduff et al., 
2002; Pieracc i et 01., 2000; Taniguc hi and Bel fort, 2004; Tan iguchi et 01. , 2003). 
Pieracci et 01. ( 1999) used the same method and found PES membranes to be more 
sensitive to the irradiati on than thc PSU mcmbranes. 
Yet another modification technique is one-step dip-modification, whieh has been 
employed in order to improve th e characteri stics of, for instance, holl ow-fibre (Bequet 
et 01. , 2002) and PES (Pieracc i el al., 2002) memhranes. In dip-modifi cation the 
membrane is coated with so lution and subj ected to irradiation as opposed to immersion 
modification where the membrane is directly irradiated being immersed in a nitrogen-
purged solution. 
Recently, Saxena and Shahi (2007) produced sulfonated PES membranes by casting the 
membranes in the ir own labora tOlY whi ch subsequently allowed them to conduct 
filtrat ion stud ies with both BSA and L YZ. They were ab le to show that variations in pH 
had noti ceable effects on protein transmission depending on the nature and magnitude 
of the membrane charge. 
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2.6.3 Plasma surface modificatiou 
Plasma treatment of membranes is conducted by exposing the membrane to a 
contmuous electrical discharge in eIther an mert gas such as Ar or He or a reactive gas 
such as C02 or N2 Kramer et al. (1989) pointed out that not only the plasma process 
charactenstics such as gas flow rate, gas pressure and plasma duration play a role in 
defining the subsequent characteristics of the polymeric membrane but also the nature 
of the underlying substrate and Its surface morphology. A simple schematic of a typical 
plasma treatment deVIce is shown in Figure 2.12' 
Radio 
frequency 
Power N 15 Mh 
Air, O2, CO2, N2, NH, or Ar· gas 
Membrane 
Vacuum 
pump 
Plasma 
Vacuum 
chamber 
Figure 2.12. Schematic ora plasma generator. 
The effects of plasma treatment on a porous membrane are generally divided into three 
categones (Kemmere and Keurentjes, 2001): 
• crosshnkmg of the active layer and pore size reductIOn; the latter IS achieved by 
careful selection of exposure tIme of the membrane surface to the plasma 
(Gancarz et ai, 2002) 
• introductIon of functIOnal groups to the surface; commonly, oxygen- or 
mtrogen-containing groups may be introduced on the surface depending on the 
gas employed (Gancarz et al , 1999) 
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• graftmg and deposItion of a thin selecttve layer onto the membrane; based on 
plasma mduced graft polymerisation where the plasma is generated from 
gaseous orgamc monomers (Bryjak, 1994). 
Surface modification of membranes by plasma IS a non-destructive method which can 
result in increased hydrophIllclty of the membrane. In addItion, polymer segments can 
be chemically functionalised in order to exploit surface charge effects. The advantage of 
this technique lIes in the active specIes generated by the plasma, which can "activate the 
upper molecular layers on the surface, thus improvmg wettabllIty, adhesion and 
bIOcompatlbIlity without affecting the bulk of the polymer" (Gancarz et ai, 1999) In 
adchtion, the plasma treatment time is short, handling of the plasma generator is 
relatively easy and the method is efficient and environmentally friendly (Bryjak et al., 
2004). Yasuda (1984) first introduced 10w-temperatJrre plasma modIfication as a vIable 
technique to improve the surface functionality of a polymeric membrane. 
Plasma treatment can be applIed to a range of membrane types but the interest of this 
work lies m the modification of PES membranes The microwave plasma technique 
relies on the use of non-deposIted gases such as air, oxygen, carbon dIOxide, nitrogen, 
ammonia or argon Even though in many circumstances the pore size seems to reduce 
during the plasma modification process It IS dependent on the gas used WIth carbon 
dioxide, for instance, the pores tend to become larger the longer the plasma action is 
applIed (BryJak et al., 2004). The modification using gas plasma has the drawback that 
the modified membrane surface can be subject to changes wlthm several days after the 
initial treatment. 
Plasma polymerisation can also result in partial or even total plugging of membrane 
pores dependmg on the gas reactIOn mixtJrre used (e g n-butylamine on its own results 
in pore reduction) On the contrary, if argon is added to the reaction mlxtJrre a 
degradatIOn of the polymer matnx occurs and hence larger pores are obtamed (Pozniak 
et aI., 2002) Dunng plasma actIOn substrate etching and polymer deposition seem to 
compete with each other where the fonner mcreases pore size and the latter decreases it. 
One has to distmguish between non-polymerising and polymensing plasma. Non-
polymensing plasma such as argon is more likely to penetrate deeper mto the polymer 
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than a polymerismg plasma gas such as butane. Furthennore, studies by Steen et al 
(2001) suggest that the extent of penetratIOn of the membrane structure also depends on 
the type of plasma system used In contrast, earlier work by Yasuda et al. (1994) 
suggested that the type of plasma used IS not Important in tenns of the resulting extent 
of the surface penetration. The successful modification of a membrane by plasma, 
particularly when a change beyond a certain depth of the membrane surface is desirable, 
strongly depends on polymer type. Johansson and Masuoka (1999) showed that 
polycarbonate membranes are successfully penetrated by the plasma gas whereas no 
penetration of the plasma-fonning species is observed when using nylon- or 
poly(vinylidene fluoride)-based membranes. 
2.6.4 Modification of poly ether sulphone membranes 
One of the first modtficatlons of PES membranes by Iow-temperature plasma treatment 
was conducted by Chen and Belfort (1999) using helium plasma followed by the 
grafting of n-vinyl-2-pyrrolidone (NVP) onto the membrane surface. Helium plasma 
alone achieved a sigmficant increase in the hydrophilic character of the membrane. The 
reduced susceptlbility to foulmg was compared to the Virgin membrane and 
commercially avatlable low-protem binding membranes. In both cases the plasma-
modified membrane gave the best result. Steen et al (2002) managed to modifY PES 
membranes With a similar degree of pennanent hydrophihcity. The claim for substantial 
Improvement in hydrophlhcity of the membrane surface was supported with contact 
angle data where a reduction in the contact angle after modification could be observed. 
Modification of polyethylene membranes, however, did not necessarily result in 
pennanent hydrophIiicity. This problem was previously noted when modifYing 
polymers in order to increase their wettabtlity (Gengenbach et al., 1994) The contact 
angle of the water/air interface became larger with storage tlme because of surface 
reactions With air. In other studies Wavhal and Fisher (2002 and 2003) employed both 
argon plasma alone and argon plasma treatment followed by polyacryJic acid grafting or 
acrylamlde grafting, respectlvely. Only the combmed plasma and grafting process 
resulted m pennanent membrane hydrophIiiclty. Desirable benefits such as improved 
ease of c1eamng, reduced protein foulmg and an increase m water flux where all 
observed With plasma-modified membranes (Kull et al , 2005). 
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Low-temperature plasma modification using oxygen, acrylic aCid (AA), acetylene, 
diaminocyc1ohexane (DACH) and hexamethyldisiloxane (HMDSO) as the plasma gas 
of PES membranes was conducted by Cho et al. (2004) Both acetylene and HMDSO 
were found to deteriorate the membrane performance and the membrane also became 
hydrophobic. Membranes treated with the other gases all became hydrophilic, exhibited 
Improved fouling resistance and gave a higher process flux than unmodified PES 
membranes. A low mitial flux was obtamed With DACH-modified membranes, a high 
or low mitlal flux was obtained with AA-modified membranes (dependent on the 
plasma modificatIOn conditions), and a higher flux but a lower rejection were obtained 
with oxygen-treated membranes. 
2.6.5 Modification of polysulpbone membranes 
Gancarz et al. (1999) pomted out that the modification of PSU (Figure 2.13) membranes 
m particular has been attempted With plasmas of vanous gases and one of the findings 
made was that the surface modification is strongly influenced by the nature of the feed 
gas as well as the modification conditions. 
Figure 2.13. The chemical structure of polysulphone (Kim et aL, 2002). 
The surface modificatIOn of PSU membranes has been induced using plasma generated 
from vanous types of gases (Bryjak et al., 2002; Chen et aI., 1997; Chen and Belfort, 
1999, Gancarz et aI, 2000, Gancarz et aI, 2002; Hopkins and Badyal, 1996a; Hopkins 
and Badyal, 1996b; Hopkins and Badyal, 1996c; 10hansson et al., 1998; Kell et aI, 
1998; Klm et al; 2002; Lee et al.; 1996; Pozniak et al , 2002; Ulbricht and Belfort, 
1996, Van Delden et aI, 1997; Wavhal and Fisher, 1995) Among the vanous gases 
Argon is most frequently used and beheved to be more efficient than, for mstance, 
Oxygen or Carbon DiOXide (Gancarz et al , 1999) (see Figure 2.14) 
Gancarz et al. (1999) also attempted the modification of PSU membranes by plasma 
graftmg and plasma polymerisation of acrylic acid. In Section 2.6.1 It was mentioned 
that an advantageous change m the surface properties of a membrane induced by a non-
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polymerising gas is not necessarily pennanent. In fact, the hydrophtlic groups 
introduced and the acidic character of the new, modified membrane may deteriorate 
with storage time (Gancarz et al , 1999). 
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Figure 2.14. Effect of plasma distance and plasma gas employed on grafting yield, 
adapted from Gancarz et aL (1999). 
Subsequent immersIOn in water of plasma-treated membranes which were stored in air 
could not fully restore the wettabihty of the plasma treated surfaces, as observed by 
Terlington et al. (1995). These property changes with time are often referred to as 
"hydrophobic recovery". In order to alleviate this problem the attachment of a polymer 
chaIn to the membrane surface by introducing functIOnal groups was attempted 
(Gancarz et al., 1999). A low-temperature H20 plasma treatment method developed by 
Steen et af. (2001) achieved pennanent hydrophlhcity of PSU membranes whilst 
modificatIOn of the entire membrane cross-section was achieved as a consequence of the 
plasma generator used. This result could be put into questIOn, however, because It is 
generally accepted that a key limitation of the plasma-modification technique is that the 
modificatIOn only occurs at the membrane surface so that In the depth of the pores no 
charge IS to be expected and fouling will sttll be an issue (Asatekin et aI, 2007). 
Furthermore, tests with argon or hehum-based plasmas did not result In permanent 
membrane hydrophihclty as was obtained with H20 plasma suggesting that the choice 
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of gas IS also crucial. Hydrophobic recovery effects can be clearly observed with 
nItrogen or ammoma modIfied membranes whose polarity decreased to about a third of 
the polarity achieved directly after treatment (Bryjak et al , 2002; Gancarz et al , 2000) 
However, the remainmg polanty was permanent and due to stable residual functional 
groups (Bryjak et al., 2004). 
Gancarz et al. (2002) also investigated the properties of PSU membranes modified by 
deposIting ammes on the membrane surface by use of the microwave plasma technique. 
Both, butylamine and allylamine (ALY) were employed but only the latter was found to 
improve membrane filtratIOn performance. In addItion, the use of both of these amines 
as the plasma medium was found to decrease the surface tensIOn of PSU. Membranes 
modIfied with AL Y plasma exhibit promising filtratIon behaviour m both aCIdIc and 
basic environments. This becomes of interest m relation to proteins, because they can 
contain surface groups such as carboxylic and amme. Membranes produced with AL Y 
plasma are particularly interestmg because they also contain both amine and carboxyl 
groups on theIr surface, thus exhibIting amphotenc character, which may be explOIted to 
promote electrostatIc repulsion effects dunng protein filtration. 
Oxygen plasma treatment of PSU membranes introduces hydroxyl, carbonyl and 
carboxyl groups onto the membrane surface where the hydroxyl concentratIon increases 
with plasma treatment tIme but the carbonyl and carboxyl group concentratIOn remams 
stagnant (Kim et al , 2002). Another interesting observatIon by this group was the shift 
in the pI from pH 3 to pH 4.5 wIth the membrane modificatIon dunng their filtration 
experiments with gelatine solutIOn, mdicatmg a change in the charge structure of the 
membrane surface In addItion, a better cleanmg effiCIency was observed for the oxygen 
plasma-modIfied membrane (60% of the original water flux was restored) compared to 
the unmodified one (50% ofthe original water flux was restored). 
Carbon dIOxide plasma treatment has been reported to result m PSU membranes with a 
water contact angle of zero, which was maintamed for several months (Wavhal and 
FIsher, 2005). An mcrease m plasma treatment tIme seemed to correlate WIth a decrease 
in contact angle and protem adsorption could be reduced by up to 75% with the plasma-
modIfied membrane compared to the unmodIfied one. Earlier work by Gancarz et al. 
(1999) using CO2 plasma treatment gave a substantIal decrease in the water contact 
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angle (88° down to 36°) but did not confirm the results obtamed by Wavhal and Fisher 
(2005). Protein filtratIOn results have also been improved m terms of more selective 
retentIOn and less adhesion to the membrane surface as a result of the work by Gancarz 
et al. (1999) but agaIn not as profoundly as in the work by Wavhal and Fisher (2005). 
Low-temperature plasma treatment of PSU membranes followed by grafting of 
polyethylene glycol (PEG) onto the membrane surface was attempted by Song et al. 
(2000). A reduction In the contact angle and an increase In the membrane hydrophtliclty 
were observed. 
2.6.6 Modification of other polymeric membranes 
Polyacrylonitnle membranes were treated using air plasma at different energies and the 
subsequent changes in the membrane functIOnality were investigated by Bryjak et al 
(1996). Dextran solutIOns were used in order to estimate changes In the pore size 
distribution For this type of membrane it was found that low-energy plasma (below 
60 W) caused polymer etching and thus an increase in the pore diameter. In contrast, 
higher-energy plasma above 60 W up to 180 W did not have an effect on the pore 
diameter. Furthermore, contact angle measurements were used m order to support the 
hypothesis of a change in the surface energies due to plasma treatment. It was 
concluded that the surface energy Increases when plasma power up to 60 W IS used, 
beyond this point a gradual decline was observed. Similar behaviour was observed 
regarding the surface polanty which increased up to 60 W plasma power but beyond 
this energy level a reduction occurred (Bryjak et al , 1996). 
Polypropylene and other polymer-based membranes were subjected to oxygen-, n-
butane- and nitrogen-based plasma treatment by Johansson et al. (1998) As in most of 
the other cases, the resulting membrane was less prone to foulIng and electrostatic 
mteractlOns gained more importance Polypropylene UF membranes were plasma 
treated With AA and ALY (Kang et al., 2001). In contrast to the work by Wavhal and 
Fisher (2002 and 2003), the hydrophihc properties of the membrane were not 
permanently sustained and difficulties such as pore blockage with increased plasma 
treatment time and damage to the membrane surface due to excessive power were 
observed. As expected, proteIn fouling was limited and the water flux was Improved as 
a result of the plasma modificatIOn 
34 
Chapter 2 - Literature Review 
On a commercial scale, modified nylon MF membranes (N6,6 Posldyne@ membranes, 
Pall corporation) WIth permanent posItive charge are available. In lIterature, adsorption 
of yellow dye onto these membranes has been tested at pH 5.1 (the membrane has a pI 
of 7.6) and it was reported that the extent of adsorption increased with solution 
concentration (Jan and Raghavan, 1994). 
2.6.7 Common effects during membrane modification 
Nabe et al. (1997) compared surface-modified membranes to conventIOnal ones and 
showed that the pure water flux for unmodified membranes was highest and a reduction 
ID water flux was observed for all the chemically-modified membranes. However, an 
exception was the chemically-modified membrane WIth the lowest surface energy which 
had the highest pure water flux and was easiest to clean. 
Water flux measurements also become Important as a means of charactensing 
unmodified and plasma-modified membranes. Non-polymerismg gases such as C02 
used during plasma surface modification, for instance, can cause a decline or an 
increase in water flux of the modified membrane dependmg on the plasma treatment 
time as demonstrated in Figure 2.15. 
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Figure 2.1S. Water lIux dependence on CO, plasma treatment time for PSU membranes, 
adapted from Ganearz et aL (1999). 
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The decrease in water flux at two mmutes treatment hme may seem rather obscure but 
according to Gancarz et al. (1999) this is due to possible deposition of degraded 
particles during the polymensation process which may take place at the same time as 
ablation. After six minutes treatment time ablahon becomes more prominent, therefore a 
subsequent mcrease III water flux is observed because at this stage the pore size will 
have increased further so that potential adsorption of degraded membrane skm inside 
the pores becomes less significant. In a different study, Gancarz et al. (1999) 
investigated the graft polymerisatIOn of AA onto PSU membranes. A high grafting yield 
resulted in significant water flux decline (as shown in Figure 2.16) so that the 
membrane lost ItS UF properties. 
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Figure 2.16. Effect of grafting yield on PSU membrane permeabilIty, 
adapted from Gancan et aL (1999). 
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The measurements conducted by this group also showed that modified membranes 
stored in air changed their wettab!lity with time and hydrophilicity was reduced but was 
still high compared to conventIOnal membranes as Illustrated in Figure 2.18(a) and 
FIgure 2.18(b). 
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Figure 2.17. Surface tension dependence on plasma treatment time. 
<a) immedIately after treatment; (b) after 24 h storage in air (Gancan et aL, 1999). 
The small decrease in polarity observed after storage in air indicates the decreased 
wettabihty, whIch, however, was still relatively high. The authors also found a 
dependence of the contact angle measured with water solutions on pH. 
2.7 Ultrafiltration devices 
Over the years several devIces have been desIgned for UF testing There are a number 
of references available which discuss the types and operatIOn of various membrane 
devices in greater detail (Baker, 2004; Cheryan, 1998 and Porter, 1990). In a laboratory 
environment most studies are carried out usmg cell type devices, which may eIther be 
operated m dead-end mode with or wIthout a stirrer or in crossflow mode (see Figure 
218). 
Stirrer 
Feed 
• Retentate 
Feed Retentate 
perm~ate Permeate 
Dead-end mode Crossflow mode 
Figure 2.1S. Dead end vs. crossflow operation. 
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Other devices, more frequently encountered in industnal envIronments, include the plate 
and frame, the hollow-fibre, tubular and spiral wound More recently, expenments with 
devices incorporating rotating dIsks or vibratmg mechanIsms were conducted (Jaffrin et 
aI, 2004) Developments of novel membrane modules were reviewed by Charcosset 
(2006). At the industnal scale, some form of crossflow operation IS used in VIrtually 
every apphcation stressing the Importance of the crossflow mode (Marshall et al., 
1996). Some authors also refer to crossflow filtration as tangential flow filtrahon (TFF) 
(e g. Ebersold and Zydney, 2004b; Almecija et al 2007). 
HydrodynamIC conditIOns can also influence the UF process, hence the choice of 
membrane module is qUIte important. Even though It is recognised that industrial 
applicatIOns are carried out using the crossflow arrangement, few authors have 
attempted to relate data from expenments WIth shrred cell and crossflow apparatuses. 
Mosqueda-Jimenez et al (2004b) compared results for the filtration of test river water 
from dIfferent test units including dead-end and crossflow cells. Dead-end cells were 
found to perform very dIfferently from contmuous cells and the authors recommended 
that a continuous cell should be used when the thorough evaluation of a particular 
membrane is desired. The authors chose to maintain a constant crossflow velocity of 
0.2 mls in the dIfferent test cells as their basis of comparison, and provided a 
mathemahcal solution to calculate the crossflow velocity in a circular cell where fluid 
flow is non-uniform. Schipolowski et af. (2006) pomted out that test cell results can 
vary consIderably depending on their design geometry and problems are often 
encountered when scale-up to larger umts is desired. Their work focussed on how scale-
up may be improved usmg existing devices and they concluded that the use of a larger 
membrane sample size does not seem to greatly improve reliability, but found the 
testing of a few samples from the same sheet can help to reduce the overall error More 
recently Zydney and Xenopoulos (2007) investigated the influence of device 
configuratIOn on dextran rejection for a stirred cell and a tangential flow cell (Mlihpore 
Mlmtan S unit), where, m the latter device, the membrane is situated on a gasket below 
which the flow IS partitioned into nine different channels Thetr study concluded that 
shrred cells prOVide a more accurate representatIOn of the Impact of concentration 
polansation and better data reproduclblhty than the Minitan device. This IS hkely to be 
attnbutable to the special design of the tangential flow cell. Their general conclUSIOn 
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was that the simpler desIgn of the stirred cell makes it better sUIted to dextran retention 
tests. 
2.8 Conclusions 
This review has contextuahsed the dIfferent phenomena that influence UF such as 
solute size, pH, IOmc strength, membrane charge and hydrodynamic conditIOns and also 
highhghted the potentJal benefits of membrane surface-modIfication by plasma to 
improve UF processes. An introduction to fouling phenomena, one of the malO 
limItations to further commercial application of UF membrane processes, has been 
given. 
Low-temperature plasma treatment holds promise as a way to alter the membrane 
hydrophIllclty and to mcorporate functional groups on the membrane surface that may 
allow selectJve separatJon of proteins. However, at present limited data IS avaIlable on 
the filtration performance of such membranes. 
A substantJal body of literature IS avaIlable pertaimng to protein filtration usmg 
conventional membranes, fouhng and e1eanmg of membranes. However, as can be seen 
from this literature review, research concerning the effectiveness of surface-modIfied 
membranes modIfied by plasma to reduce fouling and to exploit surface charge effects 
is currently hmlted. Furthermore, little work has been done to-date relating results 
obtamed from different membrane test cells As mdicated in the introduction, thIS 
research work has several aims one of whIch IS to evaluate the separatIOn performance 
of plasma-modIfied UF membranes. Other aims melude the study of solutton pH and 
IOnic strength effects on protein filtration and the impact of such parameters when 
dIfferent filtratIOn deVIces are used 
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Chapter 3 - Modelling of the Ultrafiltration Process 
Most models concerned wIth protem ultrafiltration (UF) or microfiltration (MF) are 
related to flux decline and fouling. Tracey and Davis (1994), for instance, divIded their 
theory of flux decline into two steps Frrstly, adsorption or deposIlIon of proteins at the 
pore entry and membrane occurs followed by a bUild-Up of a solute layer adjacent to the 
membrane surface as a result of agglomerate formation or general aggregalIon of more 
molecules at the surface. Choi et al. (2000) used a resistance-in-senes model to predict 
permeate flux of bovine serum albumin (BSA) during MF using a stirred cell. In theIr 
study, the authors looked at BSA filtration in the presence and in absence of 
microspheres. They found that an increase m the BSA concentration al1:d an increase in 
the stirrer speed only resulted in permeate flux increase in the presence of the 
microspheres The authors hypothesised that this was due to agglomeratIOn of 
microspheres onto which BSA had adsorbed, hence effectively creatmg larger diameter 
particles which are known to gIVe nse to increased flux. 
This chapter exammes several protein filtratIOn models to assess their usefulness m the 
current work Based on the consideralIons presented the resistance-in-senes model was 
employed m Chapters 6 and 7 m order to quantify the extent of fouling. In the same 
chapters further work was conducted usmg the same model basis to take mto account 
concentralIon polarisalIon and charge effects. More detaIled denvations of some of the 
equations presented in thIS chapter are provided m AppendIx C. 
3.1 Ultrafiltration models 
Several theoretical models have emerged that attempt to simulate the various 
phenomena occurring during UF processes (Bhattachmjee et ai, 1996; Le and Howell, 
1984; Porter, 1972; Pradanos et al., 1995; Suki et ai, 1986; Vincent Vela et al., 2007; 
WIjmans et al., 1984; WiJmans et al., 1985; Zydney, 1997) The most common mclude 
the stagnant film, resIstance-in-series and gel polarisation models which attempt to 
predict permeate flux decline. 
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There are a variety of factors which can impact on flux in UF applIcatIons adding to the 
complexity of some of the more explicit models. Such factors include the membrane 
MWCO, feed concentration, solute size, dIffusion coeffiCIent, solute charge, membrane 
charge, solution pH, solution iomc strength and hydrodynamics (crossflow rate/stirrer 
speed). 
The modelling of UF processes in terms of solute rejection and permeate flux in 
particular can therefore not be umversally applied and is dependent on system 
conditIons. 
3.1.1 Rejection coefficients 
The most widely applied terms in UF relate to rejection or transmission of the solute, 
although many alternatIves exist the terms are essentially equivalent In that they can be 
related to each other (the choice of terminology employed in this thesis IS provided 
here). The observed membrane rejectIOn, Ro, may be stated as· 
Cp R =1--
o C 
f 
(3.1) 
where Cp IS the concentratIon in the permeate and Cl the feed or bulk concentratIOn. 
This observed rejectIon does not account for the formation of a concentration 
polarisatIon layer If such polansation IS to be consIdered then the feed or bulk 
concentratIon, Cl> has to be replaced by CM which represents the solute concentratIon at 
the membrane surface 
Cp R =1--
" C M 
(32) 
giving the "true" rejection coefficient, Rtr• The concentratIon at the membrane surface IS 
dIfficult to find expenmentally but a mathematical model can be developed to determine 
the "true" rejectIOn coefficient (see Section 3.1.3). 
It is also noteworthy that In the lIterature, instead of reJectIon, sieving coefficients 
(referring to transmission) are frequently utIlised so that: 
41 
Chapter 3 - Modellmg of the Ultrafiltration Process 
Cp I-R =S =-
o 0 C 
f 
(3.3) 
where So is the observed sieving coefficIent. This is important because using tbe sievmg 
instead of the rejectIon coefficient wIll result in a slightly dIfferent equation when the 
observed and true coefficIents are related to the concentration polarisation model (see 
also SectIOn 3.1.2 and Section 7.3). 
3.1.2 Selection of UltrafIltration models 
The hterature provIdes a wide range of models applicable to UF. Some of tbe more 
common models and selected alternative models which attempt to explicitly incorporate 
addItional effects such as charge are presented. Subsequently, models used to interpret 
experimental results obtained In the present work are discussed In greater detaIl. This is 
supported by addItIonal reasoning for the choice of models. Moreover, a model 
incorporatIng membrane charge and tberefore suited to tbe interpretation of rejectIOn 
data obtained witb plasma-modified membranes is presented. This model is developed 
in further detaIl In Chapter 7. 
Table 3.1 provides an overvIew of dIfferent UF models which were considered for 
modelling purposes. However, only models which were useful In tbe interpretation of 
tbe experimental data were considered in greater detail. These models are further 
discussed In tbis section and also in the analysis in Chapters 6 and 7. 
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Table 3.1. Ultrafiltration models considered. 
Model name 
CollOIdal 
mteractlOn 
model' 
ConvectIOn· 
dlffuslOn-
electrophoretIc 
mIgratIon model" 
Combmed film 
and charge 
interactIOn 
model' 
FIlm modeld 
Keyequation(s) 
Gel layer model' C 
g J=kln-
Cb 
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Description/Comment 
Combmes convectIOn-dIffusIOn, 
osmottc pressure and charge 
mteractIOn effects into one 
model. 
LImIted as It assumes a 
dependence on zeta potentIal 
Considers charge mteractlOn 
mfluences by partIcle sIze and 
surface charge Pnmanly used to 
mterpret the behaVIOur of more 
concentrated feeds. 
ExtenSIon of the film model by 
mcluslOn of electrokmetlc 
effects Attempts to account for 
some fann of charge mteractlOn, 
but hmlted to repulSIve charge 
mteractlons only. 
ExtenSIOn of the film model, but 
extended to also consIder charge 
mteractIons of solutes WIth the 
pore wall Relates solute 
rejectIOn and membrane charge 
and should Ideally' predIct' 
solute rejectIon for a gIVen 
system 
Developed to account for 
concentratIOn poiansatlOn 
effects Allows the calculatIOn of 
concentratIOn at the membrane 
wall and thus true rejectIon 
coeffiCIent 
ExtenSIOn of the film model 
whIch deals WIth the fonnatlon 
of a hIghly concentrated layer. 
Calculates an addttlOnallayer of 
resistance at the membrane 
surface If hIgher pressures are 
apphed 
Model name 
Mechamstlc! 
AggreratlOn 
model 
Osmotic pressure 
model! 
Reslstance-m-
senes modelh 
Shear controlled 
model' 
Keyequation(s) 
M> J=----
jJ(Rm +R,) 
J = J,( :: J ae-bW 
a (Bowen et al , 1996) 
b (Rablller·Baudry et ai, 2000) 
C (Bums and Zydney, 1999) 
d (Blatt et al , 1970) 
, (Porter, 1972) 
f (Sukl et al , 1986) 
• (Pradanos et al , 1995) 
h (Fane and Fell, 1987) 
, (Sayed Razavl and Harns, 1996) 
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Description/Comment 
Considers double layer 
mteractlOns between solute 
molecules and accounts for 
flocculatlOn effects. The model 
IS unable to account for the 
electrokmelIc properties such as 
pH and lomc strength Assumes 
protem aggregatIOn In the 
concentrated layer at the 
membrane surface thereby 
Increasmg reSIstance Used to 
predict long-term flux declIne 
Similar to the film and reSistance 
models but also conSiders 
osmolIC pressure effects Such 
effects are more of a concern In 
UF If the feed concentratIOn IS 
high or also Ifthe fouhng/gel 
layer has a very high 
concentratIOn 
Attnbutes flux dechne to 
dIfferent resistance layers 
DlstmgUlshes and quantIfies 
factors such as membrane 
reSistance, foulIng reSistance and 
'cake' resistance (If applIcable) 
The major resistance IS assumed 
to be due to a foulant layer 
Lmuted in that constants are 
essenlIally fitted to filtratIOn 
data Postulates a flux declme 
due a concentratIOn mcrease 
counteracted by shear at the 
wall 
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Nomenclature for Table 3.1 
a 
b 
C 
C. 
Cg 
Cw 
d 
D 
Dm(C) 
e 
J 
k 
J, 
k. 
n 
n, 
r 
Rm 
R, 
S, 
S, 
T 
u 
v 
W 
x 
y 
z 
Constant m shear controlled model 
Constant m shear controlled model 
ConcentratIOn (kg/m') 
ConcentratIOn of solute m the bulk (kg/m') 
Solute concentratIOn at the gel layer surface (kg/m') 
ConcentratIOn at the membrane wall (kg/m') 
ThIckness of the polansatlOn layer (m) 
DIffuSIon coefficIent/dIffusIvIty (m'/s or cm'/s) 
Mutual dIffuSIon coeffiCIent (m'/s) 
Elementary charge (I 6xIO-I,) (C) 
Permeate flux (m'/m's or Um'h) 
Mass transfer coeffiCIent \m/s) 
Imhal permeate flux (Urn h) 
Boltzmann constant (I 38xlO-") (JIK) 
Power number (-) 
Number of Ions per umt volume m the bulk electrolyte (IIm') 
ApplIed pressure or transmembrane pressure drop (pa) 
HydraulIc permeabIlIty (m') 
RadIal coordmate (m) 
Membrane resIstance (1/m) 
Total resIstance (I/m) 
Actual sievmg coeffiCIent (-) 
Observed slevmg coeffiCIent (-) 
Temperature (K) 
Tangenttal velOCIty (m/s) 
Transverse velOCIty (m/s) 
Concentrahon (wt%) 
Longltudmal coordmate (m) 
Transverse coordmate (m) 
Valency (-) 
Membrane osmotIc pressure dIfference (-) 
Boundary layer thIckness (m) 
Layer thIckness (m) 
Dlelectnc constant (-) 
PermIttIvIty of free vacuum (CN m) 
Solute partltlomng coeffiCIent (-) 
DynamIc VISCOSIty (pa s) 
Solute radIUS to pore sIze radIUS raltO (-) 
SolutIon VISCOSIty (pa s) 
Electrophorehc mobIlIty (m'N s) 
Shear stress at the wall (pa) 
Inihal wall shear stress (Pa) 
ElectrostatIc potentIal (V) 
E1ectrostahC energy of mterachon (1) 
Zeta-potenhal of the charged surface (V) 
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In order to model the expenmental results obtained In thIS work the reslstance-in-senes 
model was consIdered appropnate to quantifY the extent of fouling at varying pH and 
ionic strength A form of this model was thus applied to model data for unmodIfied as 
well as plasma-modified membranes. The majority of the models do not explicItly 
consider any charge on the membrane surface. A model which IS able to account for 
solute interactIOns with plasma-modIfied membranes would be of great interest and the 
closest attempt was made by Zydney and co-workers (Bums and Zydney, 1999; Burns 
and Zydney, 2001; Mehta and Zydney, 2006; Menon and Zydney, 1999; Mochlzukl and 
Zydney, 1992). Their model is based on theorettcal developments of electrostattc 
double-layer interactions for spherical colloids In cylindrical pores by Srmth and Deen 
(1980). Thus, in addItion to the reslstance-in-senes model, a dIfferent form of the 
combined film and charge interactIOn model Itsted In Table 3.1 was developed and 
applied In Chapter 7. For completeness, It is noted that inerttal lift models exist and 
have been used by some researchers to Interpret flux behaviour during membrane 
filtration However, inertial phenomena become unimportant and are overtaken by 
electrokinetic effects for colloids and molecules in the sub-mIcron range relevant to UF 
(McDonogh et al , 1989). 
The resistance-in-series model is based on a form of Darcy's law as shown in equation 
(34): 
Q M' J =-=-
, Am pR, 
(3.4) 
where J, is the flux, Q the flow rate, Am the membrane area, L1P the applied pressure 
gradIent, J1 the Itquid vIscosity and R, the total resIstance to flow. The total resIstance IS 
commonly dIvided into three resistances (Fane and Fell, 1987), the resistance of the 
membrane, Rm, the solute or 'cake' resIstance, Rc, and the resistance due to fouling, RI-
Stnctly speakmg 'cake' resistance IS only applicable to the formatIOn of a thick layer in 
the presence of partIcles and Itquid whereas m UF most applications deal with 
molecules and colloids, thus such a resistance is better referred to as solute resistance, 
R, 
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(3.5) 
Van den Berg (1988) sub-divided these resistances further into the resistance due to 
concentration polarisation, Rep, the gel layer resistance, Rg, the resistance due to pore 
blocking, Rp, and that due to adsorption, Ra. Addition of the latter two can be expressed 
as the resistance due to foulmg, RI> and any solute layer resistance, R" may be viewed as 
a combination of the concentration polarisation layer, Rep, and also any gel layer, Rg, if 
applicable. The poSSible reslstances to solvent transport are shown m Figure 3.1. 
Reslstances 
Rep coocentratlon polansatron 
R, gel layer formaban 
R".. membrane 
R, pore-blocking 
Ra: adsorptIOn 
Reslstances-
R,= Rp +R. 
Rs=Rcp+Rg 
R, = F Duling reSistance 
Figure 3.1. Possible resistances to solvent transport. 
Note that all reslstances mentIOned here, apart from the membrane resistance, Rm, are 
time-dependent and can change with filtration time. The membrane resistance, Rm, is the 
resistance of the clean membrane which can be obtained from clean water permeation 
data as shown III Figure 3.2. 
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Flux 
Pressure 
Figure 3.2. Determination or membrane resistance based on clean water nux. 
The membrane resistance IS most commonly taken to be equal to the membrane 
thickness, Lm, dIvided by the hydrauhc membrane permeabihty, kp • It can be obtained 
from the slope of a plot of clean water flux versus pressure. The defmition of 
permeabihty IS subject to confusIOn in the area of membrane science. Most commonly, 
the hydraulic permeablhty of pressure-dnven membrane processes is reported as (Boyd 
and Zydney, 1998; Cheryan, 1998, Costa and de Pmho, 2005; Mulder, 1991): 
J L =-
P I!J> 
(3.6) 
where J is the solvent flux. The hydraulic membrane permeabIlity in equation (3.6) is 
SImply evaluated by dlVldmg the pure water flux by the transmembrane pressure (TMP) 
and mostly reported m Um2h bar (Some authors wIll also include the solutIon viscosity 
m the numerator so that the membrane permeabIlity becomes a measure of distance). 
The true permeabIlity, kp , generally used m filtratIOn sCIence is reported in m2 and can 
be obtamed from the slope of a flux versus pressure plot (see FIgure 32) as gIven by 
Darcy's law (3.7): 
(3.7) 
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In this thesis, III order to aVOid confusion, when equation (3.6) IS used the tenn 
penneance IS used. 
The widely used stagnant film model was first developed by Blatt et al. (\970) and later 
reviewed by several authors (e g. Fane and Fell, 1987; Suki et al., 1986; Zydney, 1997). 
The film model, sometImes also referred to as the boundary layer film model or the 
convection-diffusion model, assumes the existence of a thin, unmixed layer between the 
membrane surface and the fluid boundary layer (Baker, 2004). During pressure-driven 
membrane filtration, solute IS transferred to the membrane surface by convectIve flow 
and a concentratIOn gradient is fonned at the membrane due to solute rejection. The 
concentratIOn gradient results in back-diffusion of solute into the bulk solution and was 
Illustrated III the literature review (see Figure 2.3). It is mathematically expressed as 
follows: 
(3.8) 
where D is the diffusion coefficient Applying the boundary conditions shown in Figure 
2.3, equation (3.8) can be integrated to give (see Appendix C, part b). 
(3.9) 
where .!!-. = km represents the mass transfer coefficient which can be determined using 
Ob 
dimension less analysis analogous to heat transfer 
(3.10) 
where dh IS the hydraulic diameter (refer to Section 4.7.2 and Appendix C, part a) and L 
IS the axial membrane length. The dlmensionless numbers are the Sherwood, Reynolds 
and Schmldt number, respectIvely (see Table 3.2). 
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Table 3.2. Dimensionless numbers. 
Dimensionless number Equation Abbreviation 
Sherwood kmd,/D Sh 
Reynolds pud,/p Re 
Schmidt p/pD Se 
The constants .x; a, p and X are dependent on the flow regime and the membrane 
module. The diffusIVIty coefficient, D, is the coefficient of proportionahty between 
molecular flux and the concentration gradient that can be detennined using theoretical 
correlatIOns or measured diffusivity data, if available. An approach to detennme the 
diffusivity coefficient and find CM in order to solve equation (3.9) is developed in 
Section 3.1.3. If the gel polarisation model is applicable then equation (3.9) may still be 
used, but then CM is replaced With the concentration at the gel, Ca, and the thickness of 
the boundary layer, bb, then also includes the gel layer thickness (see also Figure 3.3). 
Other classical models are based on osmotic pressure and gel fonnatlon. The fonner is 
mostly applicable to aqueous solutions With low molecular weight solutes whereas the 
latter is more suited to modelling of solutIOns With high molecular weight solutes (Choi 
et al., 2003). The gel layer model is an extension of the fihn model (see also Figure 2.3 
and Table 3.1) for concentration polansation where, in addition to the concentratIOn 
profile, the fonnation of a dense molecule layer at the membrane surface is assumed, as 
shown III Figure 3.3. This phenomenon generally occurs at a TMP beyond which the 
flux does not Illcrease further. 
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r-----Membrane 
x 
Boundary condlbons 
x=O, c= CM 
X = -1\" c = Ct 
Figure 3.3, Gel polarisation, based on work by Van den Berg (1988). 
3.1.3 Stagnant film model extension 
Equation (3 9) can be expressed in a different form by mciudmg the apparent/observed 
(equation (3.1)) and the truelintnnslc (equatIOn (3.2)) rejectIOn coefficIents (Cheryan, 
1998). Once the observed rejectIOn and flux data are known, the mass transfer 
coefficient can be calculated using a correlation of the form shown in equation (3.10) so 
that the true rejection can be calculated from equation (3.11): 
I ( I-RoJ-1 (I-R,,) J, n - n - +-Ro R" km 
(3.11) 
Further detail of the mathematical stcps required to obtain equation (3.11) are shown in 
AppendIx C, part b. The diffusion coeffiCIent, D, was determmed from the correlatIOn 
developed by Young et al. (1980)' 
(3 12) 
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where T IS the absolute temperature, p the viscosity (in cP) and Mw the molecular 
weight. The calculated dIffusion coefficients for BSA and lysozyme (LYZ) at 22°C and 
reported diffusivity data at 20°C are shown in Table 3 3 
Protein 
BSA 
LYZ 
'EquatIon by Young el at 
Table 3.3. Diffusivity data for BSA and LYZ. 
Calculated diffusivity' 
(rn'/s) 
608xlO·1l 
l.OOxlO·1O 
Reported diffusivity" 
(rn'/s) 
6.10xlO·1l 
1 13xlO·IO 
'(Chen el at, 2007) and (Muller el at , 2003) 
Table 3.3 shows that the calculated dIffusion coefficients are m agreement wIth those 
reported in the Itterature, although the data for BSA matches more closely than that for 
L YZ. Table 3.3 also shows that diffuSIvity increases with a decrease in particle size. For 
the purpose of modelling the calculated dIffusivity coefficients were employed. 
3.2 Conclusions 
Classical UF models have been described and in addItion a range of models specIfically 
taking mto account factors such as aggregation or solute charge were presented. It was 
found that classical models such as the film model and resistance-in-series model 
provide a useful starting pomt to mterpret protem filtratIOn results. Some ofthe process 
models descnbed provide the theoretical framework to conduct a more infonned 
diSCUSSIOn of the experimental results in later chapters. 
It was also desirable to detennine a model which exphcitly accounts for charge effects, 
of whIch few are available. The foundation for a SUItable model relatmg rejection to 
charge interaction is provided in this chapter and further developed in Chapter 7 
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Chapter 4 - Materials, Methods and Experimental Apparatus 
In this section the method development for all expenmental work is described together 
WIth the techniques and methods of operation for the expenmental equipment used for 
charactensation and membrane filtration. The results of the characterisation and 
filtration experiments performed are shown in Chapters 5 to 7. Supporting mformation 
concerning the crossflow apparatus deSIgn and more detaIled information regarding the 
UVNls characterisation method are provIded in the Appendices. 
4.1 Dextrans 
Dextran is a type of high molecular weight polysaccharide which IS a polymer 
composed of monosaccharide units joined by a- or f3-glycosldlc linkages WIth the loss 
of a molecule of water (McIJroy, 1967). Dextrans are well suited to. rejectIon 
characterisatIon experiments due to their globular shape and relatIvely low tendency to 
bmd to the membrane surface. The dextran standards used in the membrane molecular 
weIght cut-off (MWCO) analysis were of narrow polydlsperslty and obtamed from PSS 
Polymer Service; values closer to 1 indIcate a narrower molecular weIght distribution 
(Table 4.1). In addition to the various dextrans, glucose, with a molecular weight of 180 
Da, was also employed in order to test membrane rejection characteristics for a very low 
molecular weight substance. Data for all the dextrans used in this study are shown in 
Table 4.1. 
Table 4.1. Properties of dextran standards. 
Standard Molecular Mass average Number average Polydispersity 
weight molecular mass molecular mass 
(Da} (Mw} (M.} (Mwll\f.} 
Dextran I 1,000 1,320 1,080 1.22 
Dextran5 5,000 5,200 3,300 I 58 
Dextranl2 12,000 11,600 8,100 143 
Dextran25 25,000 23,800 18,300 1.30 
Dextran50 50,000 48,600 35,600 1.37 
Dextranl50 150,000 148,000 100,000 1.48 
Dextran670 670,000 668,000 333,000 201 
When used in the MWCO expenments, standard solutIOns of known concentratIon were 
filtered and the feed and permeate analysed via High-performance liquid 
chromatography (HPLC). A typIcal chromatogram for a range of dextran standards 
showing theIr elution times is provided in AppendIX F, part a, where the largest standard 
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by molecular weight elutes first. For the purpose of analysis calIbration curves for 
several standards with different concentrations were prepared and analysed using the 
refractIve mdex (RI) detector (SectIOn 4 6.1) of the HPLC umt (see Appendix D, Parts a 
to c). It IS noteworthy that the gradients of RI versus concentration for the different 
standards were very simIlar. This not only confirms the repeatability of the analysis, but 
also demonstrates that dextran analysis via RI is concentration dependent only and 
independent of the dextran size. 
4.2 Proteins 
Proteins, as used in the filtration experiments, are amphoteric, that is, they carry both 
basic and acidic functional groups. It is these weakly acidic and basic side-chains which 
cause the charge on a protein, hence making it dependent on solution pH. The shape of 
proteins IS generally ellIpsoidal but can be considered globular or having another shape 
dependent on solution environment conditions (Saksena and Zydney, 1997). At its 
Isoelectric point (PD a protein has an overall net charge of zero and therefore electrical 
charge interactions should be minimal. Further, the hydrodynamic radIUS is important as 
the protein is lIkely to exhibit a larger radius in its hydrated form. Table 4 2 provides 
useful information about the two protems bovme serum albumIn (BSA) and lysozyme 
(L YZ) used in the experimental studies of this thesis The Stokes radii were obtained 
from Blake et at (1965) and Axelsson (1978), respectively. It must also be noted that 
the pI of a protein can be subject to slIght shifts depending on the Ionic strength and 
buffer solution (Lucas et at , 1998). 
It is Important to note that the Stokes radIUS (sometImes also referred to as the 
hydrodynarmc radius), r" includes solvent and shape effects implymg that the actual 
proteIn radiUS can differ In size in different solution environmental conditions, a fact 
that needs to be considered when relating protein size to the pore radii in a membrane 
Protein 
BSA 
LYZ 
Molecular weight 
(glmol) 
66,430 
14,700 
Table 4 2. Protein information. 
Stokes radius No. of amino acids 
(nm) 
35 607 
17 129 
54 
Isoelectric point 
(PI) 
47-49 
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The radit for BSA and L YZ have also been reported as 3.5 nm and I 66 nm, 
respectively (Carter and Ho, 1994, Friedli, 1996) On this basis BSA and LYZ occupy a 
spherical volume of 180 and 19 nm3, respectIvely, which compares to volumes of212 
and 29 nm3, respectively, in their hydrated states. Such mformation becomes very useful 
when considering the thickness of a single water layer which is reported to be 
approximately 0.28 nm (Cantor and Schimmel, 1980). The mcrease in the radIUS of 
BSA is about 0.2 nrn and that of L YZ about 0.24 nm suggesting that approxImately one 
single water layer surrounds each protein. Opong and Zydney (\ 991), for example, 
determined a projected protein radius for BSA based on pore size dIstribution data 
through a membrane as 4 3 nm. The reported Stokes radius of L YZ IS sometimes larger 
than that given in Table 4.2, e.g the L YZ Stokes radius was reported as 1.83 nrn by 
Rabll1er-Baudry et af (2000), hence It is important to know which radIUS is being 
referred to. 
4.2.1 Bovine serum albumin 
BSA, which is composed of a single polypeptide chain, is known as a reasonably stable 
protem with a molecular weight (MW) of 66,430 Da belonging to a group of proteins 
soluble in water. BSA is commonly obtained from bovme blood, as a by-product of the 
beef industry, hence proVIding a low cost protein for extensive study in laboratories. It 
IS a protem known to bind to a large number of specIfic anions and cations, as reported 
by Menon and Zydney (1999) The same authors also state the effective radius of the 
BSA sphere as 3 45 nm. When estImating whether a protein will transmIt through a pore 
of a given size, informatIOn about Its charge must be considered as the protein radius 
can be significantly enlarged when the protein charge is high. It is also worth noting that 
BSA has been reported to partIally unfold between 40°C and 50°C, thereby exposing 
non-polar residues on the surface and faclhtating protein-protein interactIOns (Peters and 
Sjoeholm, 1977). The structural stablhty of proteins is very important in relation to 
protein adsorptIon. BSA IS a 'soft' protein and therefore has low internal structure 
stabIlity (Chen et af , 2007). Soft protems tend to adsorb on all surfaces trrespectIve of 
electrostatIc mteractions (Bos et af , 1994) 
4.2.2 Lysozyme 
L YZ IS an enzyme WIth a MW of 14,700 Da generally obtained from egg white. The 
protein IS structurally hard which means It is dIfficult to change its structure. Such 
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proteins tend to adsorb less on hydrophIlic surfaces but more on hydrophobIc ones, due 
to electrostatic interactions (Bos et al., 1994). L YZ IS one of the few enzymes whIch 
easIly crystalhses and as a result one must consIder that the classical tetragonal form of 
this protein becomes unstable at temperatures above -30°C and IS transformed mto 
orthorhombic form (Osserman et al., 1974) 
4.3 Buffer solutions 
Protein filtration experiments were conducted using buffer solutions in order to 
maintain a reasonably stable pH. For low pH experiments an acetate buffer was used, 
for mtermedIate pH values a phosphate buffer and for high pH values a glycine buffer. 
Sodium azIde (002%) was added to each buffer solutIon in order to prevent bacterial 
growth and reverse-osmosis treated water was used throughout. All pH measurements 
were carried out at room temperature usmg a Jenway 3310 pH meter. 
AcetIc aCId was available m a highly concentrated (17.4 M), water-free form, and 
required dIlution prior to use. One litre of 0.1 M acetate buffer requires 982.3 mL of 
acetic acid and 17.7 mL of sodium acetate in order to obtain a buffer with pH 3. 
Phosphate buffer solutions of pH 4.9, 60, 7.0 and 8.4, respectIvely, were prepared by 
varymg the ratios of mono- and di-sodlUm phosphate MolantIes of 20 mM and 100 
mM were prepared. Experiments carned out with lysozyme at pH II 0 were conducted 
in a glycine buffer. The buffer was prepared usmg aminoethanoic acid, sodIUm chloride 
and sodium hydroxide solutIon 
When a pH shIft of a given buffer was desired, instead of adding hydrochloric acid or 
sodium hydroxide, a new buffer using the conjugate acid and base (which in turn 
determine the iOnIC strength) was prepared in order to obtam the desired pH at the 
deSIred iOnIC strength. This prevents the risk of a change in ionic strength as a result of 
the pH shift (Beynon and Easterby, 1996) The solution pH of a protem buffer was 
always re-measured to ensure no unexpected pH shIfts took place 
4.4 Membranes 
Polymeric membranes are widely used in ultrafiltratIOn (UF) applications The 
membranes are generally of asymmetnc construction, characterised by a thin, actIve 
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layer (typically 05 J.lm thick) supported by a macroporous backmg layer. The typical 
mean pore size of UF membranes is 1 to 100 nm (Bowen and Sharif, 1998; Desal, 
2000) With asymmetric membranes the separation IS brought about by the top layer 
whilst the backing layer is characterised by its tortuous path and serves only to provide 
mechanical strength to the top layer. The work presented m this thesis was conducted 
using polyethersulphone (PES) membranes where the chemical structure of PES is 
shown in Figure 4.1. 
Figure 4.1. Chemical structure ofpolyethersulpbone. 
It IS noteworthy that PES membranes are widely appbed in industrial scale crossflow 
(CF) applications because of their robustness and inherent performance properties, i.e. 
they are generally hydrophilic and can be operated over a wide pH range 
(Meyeroltmanns, 2007). All membranes used in thiS research are commercially 
available (Manufacturer data sheets are attached in AppendiX G for both Mllhpore and 
Microdyn-Nadlr membranes). PES membranes from two different manufacturers, 
MilIipore Corporation and Mlcrodyn-Nadir GmbH, were used as It was considered 
useful to have results from membranes prepared of the same matenal, but which stilI 
may exhibit different properties as a result of the production method used. Hoemch et 
al. (1996), for instance, conducted a clinical study usmg three polysulphone membranes 
from different manufacturers and they found them to be different because different 
alloying polymers were used during manufacture 
Nadir membranes were found to be more robust than Milhpore membranes when 
exposed to low-temperature plasma treatlnent. Fmally, nylon microfiltration (MF) 
membranes are also briefly described as these were used to pre-filter protem buffer 
solutions. Throughout thiS thesIs PES membranes not subjected to plasma-modification 
are referred to as unmodified membranes. However, they were always prepared in a 
consistent manner (see SectIOn 41\) prior to any expenments and thus were not 
'untreated'. 
57 
Chapter 4 - Materials, Methods and Expenmental Apparatus 
4.4.1 Millipore membranes 
All prelIminary research work was conducted usmg Biomax PES membranes as 
manufactured by Millipore Corporation, USA. These membranes are asymmetric 
membranes WIth an actIve top layer and a mlcroporous support. According to the 
manufacturer the membranes are hydrophilIc, can be used up to temperatures of 50°C 
and theIr microstructure renders them partIcularly suitable for bIOlogical applIcatIons 
and protem filtration. Membranes were available with MWCO's of 10, 30, 50, 100 and 
300 kOa. Smce the membranes are supplIed with a coatmg includmg glycerine to 
prevent them from drying it is necessary to follow a pretreatment regime Further, when 
a membrane was to be stored over longer time periods then sodium aZIde was added to 
prevent bacterial growth and the membrane was kept in a 10% ethanol/water mixture 
and refrigerated, as recommended by the manufacturer. Zeta potentIal measurements by 
the manufacturer show Biomax membranes to be negatIvely charged above pH 3. 
It is important to note that Biomax membranes are not solely made of PES but they are 
modified during manufacture using an undIsclosed method in order to reduce non-
speCIfic protein binding As a result of this modification the retention profile or MWCO 
IS claimed to be tighter than that of conventional PES membranes. Scanning electron 
micrographs (SEMs) of Biomax membranes are presented in Section 5.6 I 
4.4.2 Nadir membranes 
PES membranes manufactured by Microdyn-Nadlr GmbH, Germany, are asymmetric 
membranes with a thm, active layer at the top surface. It is only the actIve layer that is 
made of PES and the inner support layer IS actually made of polypropylene (PP) 
surrounded by a polyethylene (PE) support According to the manufacturer these 
membranes are permanently hydrophilic and have a high chemical resistance. In 
addItIon, they can be used over a WIde pH range and are temperature resistant up to 
95°C. Moreover, accordmg to zeta potential data provided by the supplier these 
membranes carry a small negative charge. 
The data sheet supplIed states that prior to use a membrane should be nnsed in water for 
at least one hour and cleaned WIth a chemical agent such as sodIUm hydroxide to ensure 
the removal of any wettmg agents. In addition, It is recommended to flush the 
membrane wIth water at a pressure twIce as hIgh as the intended operating pressure m 
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order to reduce the impact of any compaction. Based on these mstructions a 
pretreatment method was developed (see Section 4.11) and Nadir membranes were 
stored refrigerated, in deionised water (mcluding 0.2% (w/v) of sodium azide) in order 
to prevent any bacterial growth. Nadlf membranes were preferentIally used for most of 
this research (see also Section 7.1) Scanning electron micrographs of Nadir membranes 
are presented in Section 5 62. Membranes were available with MWCO's of 10,20,30 
and 50 kDa, although the majority of the research was conducted using 50 kDa 
membranes. 
4.4.3 Whatman membrane 
The Whatman MF membranes are 47 mm dmmeter Nylon filters with a mean pore size 
of 0.45 ~m that were used as part of a pre-filtration step when preparing protein and 
buffer solutions This pre-filtratIon was conducted under vacuum and allowed for the 
removal of any loosely formed aggregates or any other impurities from the feed. 
4.5 Cleaning methodology 
It was noted in the literature revIew (Chapter 2) that an appropriate membrane cleaning 
regime can have noticeable effects on membrane hfe time and the effective re-use of a 
previously fouled membrane. Depending on the type of fouling encountered, dIfferent 
cleaning agents were chosen and gnidelines from the manufacturer followed to prevent 
adverse affects to the membrane material. The cleanmg of PES membranes is important 
because of cost. Most industnal UF applications have a cleaning-in-place methodology 
mcorporated in their filtration process so that a given membrane can be used several 
times For this research it was also important to have a workable cleanmg regime, 
because only a limited number of plasma-modified membranes could be produced and 
re-use of the same membrane m different experiments was occasionally reqUIred. 
4.5.1 Removal of dextran fouling 
Although dextran standards are considered as neutral molecules It is possible, 
particularly at hIgh TMP, that they cause membrane fouling Experimental work 
showed that the permeation rate of water was notIceably reduced after dextran filtration 
mdlcating that some form of fouling may haven taken place. Thus, a sequence of 
expenments was designed to assess the hkely effectIveness of usmg sodIUm hydroxide 
to remove dextran that was previously deposIted dunng a filtration expenment or 
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deposited in another manner. The manufacturers' recommendation was to use 0.1 M 
NaOH. As thIS molarity did not seem very effective during mitial cleaning experiments 
sodium hydroxide solutions of dIfferent concentratIOns (0.1 M, 0.5 M and 1.0 M) were 
prepared m 50 mL flasks. A 0.1 % solution of 5,000 Da dextrans was prepared by 
dissolving 0 05 g in 50 mL of deionised water. A sample of each concentration of 
sodIUm hydroxide was placed in a beaker with a magnetic strrrer and 10 mL of the 
dextran solution was added to It. The concentration change WIth time was measured by 
sIze exclUSIOn chromatography (SEC). Prior to the injectIOn of 50 !!L of a sample into 
the SEC apparatus the pH was adjusted to neutral using hydrochlonc acid. 
4.5.2 Removal of protein fouling 
Accordmg to MIlhpore, Biomax membranes, fouled by protein, are effectively cleaned 
by placing them m 0.1 M NaOH solutIOn for 30 mmutes followed by a subsequent 
water nnse. ThIS cleaning procedure may subsequently be followed by cleaning with 
hypochlonte, if conSIdered necessary. Cleaning of protein-fouled Nadir membranes was 
also conducted WIth sodIUm hydroxide. 
4.5.3 Cleaning effectiveness 
Expenments were conducted to detenmne the effectiveness of NaOH as a cleaning 
agent when attempting to remove dextran from the surface of, and from within, a 
membrane. 50 mL, 0 1% 5 kDa dextran standard solutions were prepared to which 10 
mL NaOH solutions at concentrations of 0.1 M, 05 M and 1 M NaOH were added. 
Samples were taken from each of the three mIxtures at fixed times of intervals of 1 min., 
5 mins, 10 mins., 30 mms., 1 h, 2 hs., and 8 hs. The pure dextran solutIOn and the 
mixtures were analysed by HPLC using the SEC column WIth a samplIng tIme of 35 
minutes and reverse osmosIs-treated water as the eluent. 
4.6 Analytical methods 
Protein analYSIS was generally conducted usmg a UVNls spectrophotometer (in order to 
avoid any potentIal electrostatic interaction issues which can arise in SEC) whereas the 
concentratIon of dextran standards was evaluated using the RI detector of the HPLC 
Instrument. 
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4.6.1 High performance liquid chromatography 
In the work reported in thIS thesis, HPLC was used to analyse dextran rejection data 
from PES membranes. The available HPLC unit (Agdent 1100) was equipped with a RI 
and a diode array detector (DAD). The DAD detector is simdar to a UVNis 
spectrophotometer (see also Section 4.6 2) and allows the capture oflight over the entire 
wavelength of a spectrometer, including UV scanning, I.e. several wavelengths may be 
monitored simultaneously. A PL aquagel-OH 30 8 J.lm (polymer Laboratories) SEC 
column was employed for the dextran standard analYSIS. Accordmg to the manufacturer 
this column IS 'packed with macroporous copolymer beads with an extremely 
hydrophlhc polyhydroxyl functionality', which provides a 'neutral' surface that avoids 
adverse adsorption effects. The column may be operated in the pH range of 2 to 10. 
Neutral polymer analysis may simply be conducted WIth water as the eluent. Dextrans 
cannot be detected in the UV Nis range, hence for the purpose of their analysis only the 
RI detector was used. 
The following methodology was employed for the analYSIS of the dextran standards: 
1. Fresh delomsed water was pre-filtered through a 045 J.lm nylon filter and 
degassed prior to ItS use as the eluent; sodium azide was added if analysis over 
several days was required 
2. The solvent hnes and pump were primed with eluent by purgmg. 
3 After the column was fitted, water was eluted through the column for at least 60 
minutes at 0.5 mL/mm to ensure a stable baseline and flushmg of the column 
with at least one column volume. 
4 The operational protocol was to conduct the analYSIS at 0.5 mLlmin 
(corresponded to -20 bar column pressure), with a sample volume of eIther 50 
or 100 J.lL at 35°C gIVIng one sample 45 mmutes elution time; less than 30 
minutes were sufficient for the smallest molecules to leave the column. 
5. The temperature stability was momtored dunng experiments as the RI detector is 
highly temperature sensItive. 
6 Subsequent to an experiment the column was flushed WIth the eluent only, 
removed for storage and fitted with end caps to prevent the column from drymg 
out. 
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7. Penodlcally, column preservation was carried out by flushmg the column 
according to the manufacturers' guideltnes. 
Actual samples collected from the dextran UF experiments were transferred mto 2 mL 
chromatography sample vials (Supelco, Sigma-Aldrich) using plastic pipettes. These 
samples were then placed into an automatIc samplmg unit (Hewlett Packard) of the 
HPLC from which the required sample was injected into the column If the sample vials 
had to be kept for addItional analysis at a later stage they were stored in a frIdge. 
4.6.2 UV Nis spectroscopy for protein analysis 
DVNls spectroscopy is a technIque based on the absorption oflight in the visible (400 
to 700 nm) and ultraVIOlet (I to 400 nm) region of the electromagnetic spectrum. The 
Lambda 12 (perkm Elmer) UVNls spectrometer employed for thIS research is a so-
called double-beam device where the light beam is spltt in order to momtor a reference 
and the sample simultaneously. The sample solutions produced m the expenmental 
work were analysed using quartz cuvettes sUItable for work m the DV region. Typical 
wavelength scan data for both BSA (I 0 gIL) and LYZ (1.0 gIL) are shown in Appendix 
F, parts band c. 
It is worth notmg that spectrophotometers may be Itmited in their usefulness above 
certain concentratIOns. This IS important in the context of the chOIce of feed 
concentration employed m the filtratIOn studies. Cooper (2004) recommends to choose 
samples in such a way as to not exceed absorbance values of A = 1.5 to obtain a rehable 
answer. In the case of L YZ, if the starting concentratIOn is higher than 0.6 gIL, this can 
be an issue (see Appendix D, part d), hence all expenments were conducted WIth feed 
concentratIOns of 0.5 gIL. Protein concentration measurements in solutIOn can be 
dIfficult and often an error of ±5% has to be considered. The variation in DV Nis 
samples taken m this research was no greater than ±4% 
Generally, the expenmental evaluation of a cahbration curve WIJl be more accurate but 
it is also possible to determine an approximate absorbance value for a given protem at a 
particular wavelength usmg a calculation method. Such an approach provides an 
addItIonal check on the magnitude of absorbance values. For detaIled reasonmg behind 
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such an approach and relevant calibration curves for BSA and L YZ the reader is 
referred to Appendix D, part d 
4.7 Crossflow filtration apparatus 
The majority of industrial UF processes are conducted wIth some form of CF apparatus 
To accommodate the available membranes a new CF apparatus was designed and 
constructed. The deSIgn process is dIscussed in detail here together with aspects of 
commissioning and pump choice 
4.7.1 General considerations 
During the design process several optIons for CF were considered including specialised 
arrangements where the inlet flow is arranged in a vortex creating fashion and the use of 
two oppositely running feed and outlet streams m order to create additional mlxmg. 
However, in light of the interest In comparatIve experiments between a CF and a stirred 
cell (SC) device It was decided to design a system containing a planar membrane where 
the flow channel is rectangular. Such an arrangement does not overcomplicate the 
calculation of the flow and shear profile. 
At the InItial stage a peristaltic pump was considered because it WIll add httle heat to the 
system and It is unhkely to have any detrimental effects on the proteIn solutions to be 
used. However, further research and practical testmg suggested that the frequent pulsing 
of a peristaltIc pump may cause undeSIrable pressure fluctuations, particularly for fully 
developed flow. Hence, addItional research was conducted lookmg at alternatIve pumps 
(Section 4.7.4). 
Since all the membranes sourced from MIllipore were circular, it was considered 
beneficial to have the ablhty to use circular membranes in the CF apparatus as well 
(Nadir membranes are supplied in sheet form and can thus be cut to the deSIred size and 
shape). Therefore, the CF module was designed in such a manner that a circular 
membrane could be fitted WIthin the rectangular channel. The mountIng holder IS shown 
in Figure 4 2. 
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Figure 4.2. Plan and side view of the circular membrane holder - part of the crossflow module 
design (refer to Appendix B for further details ofthe membrane module). 
The actual width of the flow channel in the membrane module was 30 mm and thus a 
membrane area of 30x30 mm was avatlable for filtratIOn. It was mentioned in Sectton 
2 2.2 that high shear rates are generally desirable and a flow channel of 2 mm height 
was chosen, which also improved the avatlable CF velocity. Some 'thm-channel' 
designs are reported to have channel heights of I mm or less (Cheryan, 1998), however, 
it is important to note that such designs are typically limited to the laminar flow regime 
in order to mmilmse power consumption (Bird et aI, 200 I). At the expenmental 
pressure conditions employed in this study the CF velocity in the module was about 0.5 
m1s which IS wlthm the commonly used CF velocity range of 0 4 to 1.5 m1s. Matenals 
of construction, particularly those in contact WIth the test solution, were chosen to 
prevent any solutIOn contamination Hence, the membrane module, piping and other 
materials were made of stamless steel or inert polymer with the added benefit that 
cleaning agents such as NaOH with high alkalme pH would not damage the material 
either. 
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4.7.2 Entrance flows 
One of the aims of the CF module design was to allow for well developed flow before 
the solution reached the membrane as entry effects can have a signIficant influence. 
Particularly in laminar flow, a substantial entry length is required for the flow profile to 
fully develop. Fully developed flow can be based on different assumptions (Hughes and 
Brighton, 1999). On the basis of pressure drop the gradient is fully developed after three 
to four diameters whereas the mean velocity does not fully develop untIl 30 to 60 
diameters downstream of the entrance. If the flow profile is turbulent the entry length, 
Le, reqUired is given by equation (4.1) (Perry and Green, 1997): 
(4.1) 
The hydrauhc diameter, dh, is determined from equation (4.2) using the rectangular 
channel dimenSIOns of 0.03 m (width) and 0.002 m (height), respectIvely, and defined 
as four times the cross-sectIOnal area, Ac, available for flow diVided by the wetted 
perimeter, Pw: 
2ab 
a+b 
(4.2) 
where a is the width and b the height of the channel. The hydrauhc diameter for the CF 
apparatus was 000375 m (Appendix C, part a) and the entry length reqUITed for 
turbulent flow to fully develop was 15 cm. For fully developed lammar flow, the 
required entry length can be longer, depending on the CF velocity and determmed using 
an empirical equation (Cheryan, 1998)' 
(43) 
where Re IS the Reynolds number and B a constant, typically 0 029. Figure 4.3 shows a 
graph of entry length vs. Reynolds number and CF velOCity accordmg to equatIOn (4.3) 
which, assummg the tranSition from lammar to turbulent flow commences at a Reynolds 
number greater than 2,100 and a worst case scenario, that an entry length of 25 cm is 
required, for lammar flow to fully develop. Based on these findings the total flow 
channel length was designed as 39 6 cm, with the membrane holder pOSItIoned towards 
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the end of the channel. ThIs allowed for a flow profile to develop, even at laminar 
Reynolds numbers close to the transitional regime. 
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Figure 4.3. Entry length vs. Reynolds number and crossnow velocity. 
4.7.3 Crossflow module dimensions 
Based on the entrance length calculations and knowmg that eXIIlength requirements are 
substantially shorter (perry and Green, 1997), the dimensions of the module constructed 
were as shown in Table 4.3. 
Table 43. Crossflow module dimensions. 
Description 
Total module length 
Total mternal channel length 
Centre of mlet flow to start ofthe membrane 
Membrane length 
Membrane Width 
Membrane end to centre of outlet flow 
66 
Length (cm) 
45 
396 
249 
3 
3 
100 
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Morc detai led dimensions of the CF modu lc ca n be found in the design drawing in 
Append ix B. 
The individual components of the specia lly designed CF modu le includ ing the module 
base (A), the modu le top (B) including a rubber seal (C) and the membrane holder 
components (D and E) are shown in Figure 4.4. A pressure transducer (F) and a ba ll 
va lve (G) are also shown. 
The assembled CF modu le including the fitted membrane holder situated in an 
appropriate hold ing frame is shown in Appendix B. 
Figure 4.4. Cross flow mod ule - Individu al com ponents. 
4.7.4 Pump se lecti on 
The selection of a suitable pump was made more diffi cult clue to the potent ial influence 
of pulsation and shearing. A scan of the lilcrature showed that other researchers rare ly 
work with centrifu ga l pumps when using protc in so lution s. It was also obvious that no 
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standard has been estabhshed which deems a parttcular pump type to be superior over 
any other. Fernandez et af. (2005) used a centrifugal pump m an UF system with CF 
veloclttes up to 7 m/s. Li et al. (2005) operated at very low CF velocities (0 12 cmls) 
and utilised a peristaltic pump. Chan et al (2002) employed a penstaltlc pump, at O. I 5 
m/s CF velocity and a pressure of 0.5 bar(g) Gan (200 I) used an air driven double 
diaphragm pump in a mlcrofiltration system. 
The concern with peristaltic pumps IS their tendency for strong pulsation. Two other 
considerations were a gear pump or dl3phragm pump. The speed of a gear pump is 
easily controlled whdst other advantages mclude its gentle flow control and its ability to 
make very subtle changes to the pumping rate. Unfortunately, the cost for the latter 
pump is substantial so that a financl3Ily more vl3ble alternative had to be considered. 
Initl3l experiments were conducted using a centrifugal pump, however, this proved 
unsatisfactory. In this context it is worth pointmg out that improper impeller design is 
more likely to cause protem denaturation than high shear rates (Cheryan, 1998). 
Ultimately, a 24V diaphragm pump, resistant to mild acids and bases, with a maximum 
operatmg pressure of I bar(g) and a temperature operation window of 7 to 54°C was 
chosen and purchased from Jabsco (Model 3 I 800). Dl3phragm pumps can also cause 
pulsmg, but generally less so than peristaltlc pumps. In order to ensure as httle pUlsing 
as possible prior to fluid entry into the CF module, the pipe dl3meter at the pump outlet 
was chosen as four times larger than at the inlet to the CF module, thereby substantially 
reducing pulsation effects. 
4.7.5 Crossflow system design 
The final design of the CF system, shown in Figure 4.5, consisted ofa diaphragm pump 
(A), two pressure transducers (B and C), ball valves (D to H), needle valves (I and J) 
and a 1.5 litre capacity feed tank (K). Valve E allows recycling of the feed prior to the 
flUid entering the membrane module. Thus, the CF apparatus can be operated at a lower 
pressure via by-passing some of the feed. Valve F was generally left fully open but It 
can, for instance, be used m its fully closed posItion to run a pump cleaning cycle. 
Valves D and H were fitted to allow air ventmg from the retentate stream and feed tank. 
Needle valve J can be used to control the TMP but it was mostly operated fully open 
and the flow rate and pressure were controlled via the power supply to the pump Valve 
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G and I were uscd to take penneate and retentate samples, respechvely. The pressure 
transducers were monitored electronically and could be fitted at points B, C and L 
depending on which pressure was of interest 
K 
Retentate 
stream' 
D 
Feea 
tank 
Retentate 
I sampling 
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PT 
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J 
,-__ .;:Ch;::a:;:n::;n:;;e.,l _--,......1 .... ---Membrane module 
I 
Membrane holder 
DIaphragm pump 
U Permeate sampling 
Figure 4.5. Crossflow system design. 
The typical retentate flow rate dunng the protein filtration experiments was 1.5 Llmin 
and after takmg a penneate sample (for which approximately 3 to 4 mL volume) were 
required, the sample was re-inserted into the feed tank. Moreover, when a penneate 
sample was taken a feed sample was also taken. By taking these measures any penneate 
lost and feed concentration changes were minimised and thus consIdered negligible. 
The diaphragm pump could only be operated up to a maximum delIvery pressure of I 
bar(g). For the purpose of thIS study, however, it was desired to operate at low pressure 
to avoid extensive concentration polansation and gel layer fonnatlOn Moreover, it is 
known that operating at hIgh TMPs can mcrease membrane foulmg (Gesan et af , 1993), 
thus this chOIce of pump was considered adequate. As mentioned previously, stamless 
steel was chosen as the matenal of constructIOn of the membrane module to mmnnise 
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contamination of the feed and to allow operation and cleaning over the entire pH range. 
When takmg into account the system volume and considering the cost of the test 
matenals such as proteins and dextrans a feed volume of I litre was considered 
appropnate and the feed tank was designed accordingly. The retentate Ime reached into 
the feed vessel and was sItuated approximately 3 cm above the tank bottom m order to 
minimise foaming and vortex formation. Foaming at the gas-liquid interface is more 
lIkely to be a cause for protein denaturation than high shear rates (Lee and Choo, 1989). 
The pressure in the CF system was controlled by the flow rate or the retentate valve; the 
pump speed was adjusted by changing the power supply voltage. The pressure was 
recorded with two calIbrated pressure transducers connected to an electronic switch box 
whIlst the pressure was read from a dIgital display. 
4.8 Stirred cell apparatus 
In order to conduct the filtration expenments described m Chapter 6 and Chapter 7 two 
dIfferent membrane modules were employed. UF experiments, particularly in research 
laboratories, are frequently conducted using dead-end or pseudo CF filtration cells (i e. 
stirred cells). In mdustrial applications CF filtratIOn systems are preferred because they 
allow for contmuous processmg at large scale. It is not only sensible to conduct 
laboratory expenments with a CF unit from a scale-up point of VIew, but also as It is 
thought that there are dIfficulties m simulating realIstic processing conditions with SC 
units. Later on in this work it wIll become clear how a CF unit can yield different 
experimental results compared to SC data even if an attempt is made to match 
experimental condItIons. 
A Millipore SC (model XFUF04701) was used, unless stated otherwIse, in order to 
conduct the SC experiments with 47 mm diameter membranes giving an effective 
filtration area of 15 cm2• A photograph of the SC umt is shown in FIgure 4 6 whIlst the 
mdlvidual components of the SC are summarised in Table 4.4. The cell (G) is 
constructed from stamless steel and borosilicate glass (F). The maximum feed volume 
was 50 mL with a total capacity of 75 mL whIlst the mmimum reqUIred stIrred volume 
IS 2.5 mL. A larger MIllipore se (model XFUF07601) was also available, which is 
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suited to larger diameter membranes (76 mm), has a max imum feed vo lume of 300 mL 
and an effective fi ltration area of 40 cm2 
Label 
A 
B 
C 
D 
E 
F 
G 
Figure 4.6. Milliporc stirred cel l. 
Tablc 4.4. Main components of the M illiporc stirred ceU. 
Description 
316L stainless steel top plate and PTFE stirring bar 
Knobs 
Fluoroelastomer O-rings 
Clamps (used as glass holder) 
Pressure relief cap 
Borosili cate glass cylinder 
Stain less steel base (in-house design) 
Some of the materials of construction in the se, such as the fl uorocarbon O-rings, are 
sensiti ve to pH , thus most experiments should be carri ed out w ith in pH 2.0 to pH 12.0 
(a range of pH va lues from pH 3 to pH I I was chosen for the experimental studies in 
thi s thesis). The se can be operated lip to pressures of 6 bar(g), however, most 
experiments were operated at lower TMP and wi thin the range of 0.25 to I bar(g). 
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A schemati c of the compl ete se set-up is shown in Figure 4 .7. Pressure in the ce ll was 
prov ided by a regulated ni trogen gas supply (A), since the use of compressed air could 
induce undes irable pH shi fts. For each experiment, the magnetic stirrer speed (B) was 
fixed at the desired revo lutions per minute (rp m). The nitrogen supply was connected to 
a ball valve (C) and a pressure regulator (D) as well as a pressure gauge (E) in order to 
allow fo r controlled pressure adjustments. Permeate samples were taken at suitab le time 
interva ls, based on the solute type and the MWeO of the membrane (A membrane with 
a higher MWeO - in most cases - resulted in higher perm eate flu x and required more 
freq uent sampling). 
A 
Nitrogen 
Cylinder 
Regulator 
o - 6 bar 
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Figure 4.7. Stirred ce ll apparatus. 
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Table 4.5 shows some of the notable advantages and d isadvantages of a se apparatus. 
Ta ble 4.5. Adva ntages and Iimil ations of Cl stirred cell apparatus. 
Adva ntages 
Low reed volume requirement 
Easy and quick to lIse 
Low cost 
Limitations 
Unsteady state 
Non-uniform shear fi eld at the membrane surface 
Varying shear along the impeller 
Less su itable for sca le-lip 
Batch process 
Varying concentration on the feed side 
During initial experimental work with the XFUF0470 1 se it was foun d that the design 
of the base was poor as the me mbrane sits directly on top of a shallow base, below 
which permeate can only pass through a single sma ll hole. A new base was designed 
that incorporated a uniformly permeable sinter plate with sufficient space below for 
liqu id to rapidly exit the cell (see Figure 4.8). 
original 
~njjlo:i~ !I~~i~ . 
1 
Ill-'house design 
Fig ure 4.8. iVl ill ipo rc original base vs. in-house design. 
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4.9 Plasma generator and membrane modification 
Part of the research programme investIgated the development of a 'plasma-modIfied 
membrane which offered the potenttal to selecttvely reject components present in the 
feed. Low-temperature plasma modificatIOn combined WIth the grafting of a monomer 
onto the surface of a polysulphone (PSU) membrane has previously been attempted 
(Zhan et ai, 2004). These authors successfully grafted a positively charged monomer 
onto a membrane surface of negattve charge which resulted In greater electrostatic 
repulsion when the filtration of the positively charged protein L YZ was attempted. 
Conversely, if a negatively charged monomer IS grafted onto the membrane surface so 
the membrane negatiVIty is increased thereby promoting electrostatic repulsion of 
negatively charged proteins such as BSA. ThIs is an example of the importance of 
surface charge whIch indIcates the potenttal to modIfY a membrane surface in such a 
manner as to exploit surface charge effects for speCIfic purposes. 
4.9.1 Plasma modification apparatus 
A typical plasma modification unit consists of a vacuum chamber in which an upper and 
lower electrode is located. The vacuum chamber is connected to a radio frequency 
generator, a gas supply and a vacuum pump. A schemattc of the radio frequency plasma 
generator used to modIfY the membranes for the present study is shown in Figure 4.9. 
F 
A' Ar gas cylinder 
B: Membrane 
G c: Adjustable screw 
0" Vacuum chamber 
E, E'· Electrodes 
F. Vacuum pump 
G' 13 56 MHz Radio frequency generator 
Figure 4.9. Plasma modification apparatus (situated at Wroclaw UniverSIty of Technology, Poland). 
The plasma modIficatIOn was conducted In collaboration with the Department of 
Chemistry at WrocIaw UniverSIty of Technology, Poland. PES membranes were 
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modified eIther by applying argon plasma only, or by exposing the membrane to argon 
plasma followed by dipping of the plasma-exposed memhrane into acrylic acid (AA) 
solution. 
The modification procedure was always conducted in the same manner and involved the 
following steps: 
I. Soak the unmodified membrane m 0.1 M NaOH for 30 mmutes prior to washmg 
and rinsing with reverse-osmosIs treated water and vacuum drying 
2. Attach the dried membrane to the lower electrode and adjust the distance 
between the two electrodes to 5 cm 
3. Introduce the inert argon gas into the chamber 
4. SWItch on the radio frequency generator to apply plasma treatment for a gIven 
!tme period (I mm.) and intensity (200 W) using inert argon gas under a fixed 
pressure of 14 Torr (18.6 mbar) thereby generating a plasma 
5. Store the plasma-modified membrane in air (If AA dippmg was desired place the 
membrane into 25% AA solution for 2 days after 5 minutes in open air) 
6. After two days of dippmg the membrane was rinsed with dls!tlled water and 
dned in open air. 
Pnor to any protem filtratIOn experiments and water flux measurements at 
Loughborough the membranes were 'wetted' m 0.1 M NaOH for 30 mmutes and stored 
in ultrapure water for 24 h prior to theIr first use. 
4.9.2 The modification process 
During the plasma graftmg method free radicals are created on the membrane surface 
and exposure of these radIcals to aIr leads to chemIcal reacttons with atmosphenc 
oxygen. As a result functional groups are fonned mcluding peroxides which can m turn 
produce a graft reaction of some vmyl monomer. An t1lustrative example for a simIlar 
process (i e using a PSU membrane) IS shown in FIgure 4.10 
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Figure 4.10. Modification of PSU membrane by plasma activation and subsequent grafting of 
acrylic acid in solution, adpated from (Gancarz et aL, 1999). 
The plasma modIfication for this research was conducted both WIth and without dipping 
in AA solution in order to observe any differences between a membrane modIfied by the 
plasma only and one onto which charge groups were attached as well. Low-temperature 
plasma IS comparable to DV -modIfication m the sense that surface modification 
generally only alters the top layer of the membrane, confined to the first several tens of 
nanometers, and the porous support layer remams unaffected (Stevens et al , 1998; Zhan 
et al., 2004). Wavhal and Fisher (2002) claimed that they conducted the modIfication m 
such a manner that the entire membrane structure was modified Whilst this ensures 
permanency of the degree of hydrophIlicity of the modified membrane It raises the 
concern whether structural weakness of the membrane may occur causing, for instance, 
extensIve membrane swelling m contact with water. 
4.10 Characterisation methods 
In this section the experimental methodology employed for membrane characterisatIOn 
expenments IS provided. These mclude Molecular weight cut-off (MWCO), contact 
angle, membrane swellIng and streaming potential measurements, and the evaluation of 
scanning electron mIcrographs. 
4.10.1 Molecular weight-cut off methodology 
In order to conduct mitial MWCO work similar testing conditIons to those set out by 
Cheryan (1998) were adopted. The testmg condItions, m what is referred to as the 
retentIon test specificatIOn, are duplicated m Table 4 6 alongside the conditions 
employed for thIS research. It is advisable to maximise the stirrer speed as agitation 
helps to mmimise concentration polansation which is a necessary step m order to obtam 
a membrane rejectIon coefficient as close as possible to the true value. 
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Table 4.6. Retention test specification, adapated from Cheryan (1998). 
Test parameter 
Transmembrane pressure 
Temperature 
StIrring rate 
Solute concentratIOn 
SolventlBuffer system 
Rallo of test solullon 
volume to membrane 
surface area 
Value (Cheryan) 
1 bar(g) 
Ambient (- 25°C) 
2,400 rpm 
0.1 % (w/w) 
Reverse osmosis-treated water 
50 rnLII5 cm' filtratIOn area 
Value (used in this research) 
025 bar(g) 
Ambient (- 22°C) 
2,400 rpm 
0.04% (w/w)' 
Reverse osmosis-treated water 
50 rnLI15 cm' filtration area 
Permeate-to-feed ratIO 5 mLl45 1nL (where pOSSible) 5 mLl45 1nL (where pOSSible) 
·004% was estabhshed as a reasonable startmg concentration to use as It 
prOVided good resolulIOn usmg the RI detector of the HPLC eqUIpment 
The initial MWCO work was carried out using the SC descnbed in Section 4.8. Note 
also that all characterisation work was carned out using the smaller SC, i.e. membranes 
With 47 mm diameter, unless stated otherwise. In the retention test specificatIOns for this 
research the solute concentration was reduced to 0 04% w/w or 0 4 gIL, to be more cost 
effective, and because the same startmg concentration was used when determining the 
MWCO usmg the CF apparatus. A calibratJon curve of the various dextrans showed that 
a startmg concentration of 0 4 gIL was suffiCient to allow for the detection of small 
amounts of dextran in the permeate using HPLC (Detection lImit: - 0 01 gIL or - 8,000 
nano Refractive Index Umts (nRIU) CalIbratIon curves for 1 kDa, 5 kDa and 150 kDa 
dextran standards can be found in Appendix D, parts a to c. Table 4.7 shows the 
retention test conditions employed when determining the MWCO using the CF 
apparatus. 
Pnor to the first permeate measurement, the first 5 mL of permeate was recycled in 
order to remove any dead volume below the membrane. The sample for HPLC analysis 
was then taken from the next 5 mL of sample obtained from the filtration process 
thereby allOWIng consistent, repeatable sampling. 
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Table 4.7. Retention test specification - crossflow apparatus. 
Retention test/MWCO determination 
Transmembrane pressure 
Temperature 
Crossflow velocIty 
Solute concentration 
SolventlBuffer system 
RatIo of volume oftest solution to membrane 
surface area 
Permeate-to-feed ratIO 
Crossllow apparatus 
025 bar(g) 
Ambient (- 22°C) 
-045 mls 
0.04% (w/w) 
Reverse osmOSIS treated water 
1000 mU7.l cm' filtrahon area 
IOmUIOOOmL 
It should also be noted that the dIfferent size dextrans were indIVIdually transmitted and 
this was done using the larger solutes first followed by the smaller ones By doing so the 
tendency for fouling should be lower, because the larger solutes are unable to enter the 
membrane pores In a recent publication this approach was confirmed to be sensIble as 
the extent of pore accessibIlity for dextrans of dIfferent sizes was reported to contribute 
to fouling as well (Susanto et al., 2007) 
In order to confirm the repeatablhty of the MWCO experiments usmg the CF apparatus 
a 150 kOa dextran solutIon was continuously circulated over a two hour period Flux 
measurements and rejectIOn data were collected during this experiment and flux was 
found to be consistent after the first few minutes of filtratIon. 
4.10.2 Contact angle measurements 
The measurement of the contact angle IS consIdered a classical method to determine 
whether the active surface of a membrane has hydrophlhc or hydrophobIc character. 
Static contact angle measurements of both unmodIfied and plasma-modIfied PES 
membranes were carried out with a KSV Instruments CAM 100 (Contact Angle Meter) 
at Lappeenranta UniverSIty of Technology, Finland. The optIcal contact method utilised 
IS also referred to as the sessIle drop method that will be referred to later in the text. 
Reverse osmosis-treated water was used as the test solvent and the contact angle 
analYSIS was carned out WIth a hIgh speed camera con figured so that 400 frames per 
second could be recorded. For each contact angle measurement at least 20 drops were 
analysed in contact WIth the membrane surface. For each test new membranes were 
washed in order to remove any wettmg agents from the manufactunng process and 
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subsequently dned m sealed glass contamers. When ready for analysis, the membranes 
were cut and the samples mounted onto clean plates. The water droplets were placed 
onto the membrane surface wIth a specIally designed micro-synnge whIch was 
stabihsed in the syringc holder m a fixed posItion (Figure 4.11). The syringe allowed a 3 
ilL drop to be placed on the membrane with a minimum of kinetic effects. All 
measurements were carried out at room temperature 25°C ±1°C taking pIctures of the 
droplet on the membrane surface accordmg to the specification set earlier. The actual 
contact angle was then measured usmg the CAM 100 Software which allows 
computerised fitting of the tangent lme to the picture allowing consIstent, repeatable 
contact angle data to be obtamed. The actual drop angle was detennined via the 
software which uses the Young-Laplace equation; for each measurement a left, a right 
and a mean contact angle were computed (see SectIOn 5.7) 
Camera 
\ 
r 
Syringe 
/ 
] 
Water droplet 
__ --, Framework 
.. 
Membrane on glass plate 
Figure 4.11. KSV Instruments 100 Contact angle instrument 
(Lappeenranta UniversIty of Technology, Finland). 
Some contact angle measurements were also perfonned at Loughborough using a 
different set-up in order to compare the results obtained ID FlDland. In addition, it was of 
mterest to observe any dIfferences between washed and dried membranes and those in 
the 'as manufacrured' state (i e. stilI including any wetting agents) The membrane was 
placed in a hennetically closed and insulated chamber which allowed stnct control of 
the envIronment. A high precISIon 10 !!L HamIlton syringe (Hamilton GB Lld, UK) 
was used to place 3 ilL droplets of water onto the membrane. A mechanical manipulator 
enabled the placement of the droplet on the substrate whilst mmlmlslDg the kinetic 
79 
Chapter 4 - Matenals, Methods and Expenmental Apparatus 
Impact. Expenments were carned out at 25°C ± 1°C. Using the sessile drop method the 
spreadmg process was captured at the observed eqUIlIbnum of the droplet WIth the 
membrane surface, this method was repeated with new droplets at least five times. 
Video imaging software 'ScionImage' was used to analyse the left and nght contact 
angle of the droplets on the surface from which a mean contact angle was calculated. 
4.10.3 Swelling experiments 
One purpose of the swelling measurements was to identifY whether the use of NaOH 
causes a change of dimensions in the membrane structure. If so, this could in turn result 
in flux changes which would be Important dunng cleaning and for experiments 
conducted subsequent to membrane contact WIth NaOH. For each analysis five samples 
of a flat sheet PES membrane were cut to allow an averaged result to be obtained. A two 
centimetre square, dry sample (the membrane sample area only needs to be slIghtly 
larger than the contact area of the instrument) was posItioned WIthin a flat-bottomed 
dish on top of which a 10 mm dIameter spacer and the measurement probe were placed. 
The MIIlimar IDstrument (Mahr, MlllImar S1840) is known as a column amplifier for 
inductIve probes. The probe/gauge combination has a resolutIOn of 0.1 Ilm. 10 mL of 
either pure water or NaOH (0.1 M or 0.5 M) solution were added to the dish which 
resulted m complete immersion of the sample and the onset of swelling. One minute 
was allowed pnor to takmg a measure of displacement, as it had been establIshed m a 
more extensive study by Tarleton et al. (2006) that equilIbrium wIll be reached for most 
solvents at that point. A schematic ofthe test apparatus is shown in Figure 4.12. 
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(a) 
Figure 4.12. Membrane swelling apparatus, adapated from Tarleton et aL (2005). Legend: 
(1) Comparator stand; (2) overall height adjustment via screw; (3) flat-bottomed round dish; 
(4) spacer; (5) membrane or substrate sample to be tested; (6) inductive probe; (7) measurement 
tip; (8) connecting cable; (9) electronic gauge column; (10) optional interface to PC. 
The initIal development of this technique, and more detaIl of the experimental method, 
is described elsewhere (Tarleton et al., 2005). 
4.10.4 Streaming potential apparatus 
I organIsed a research exchange with Lappeenranta UniversIty of Technology, Finland, 
where I conducted 'through the pore' streammg potential measurements for unmodIfied 
and plasma-modIfied membranes. The apparatus allows simultaneous streaming 
potential and flux measurements and essentially comprises a membrane module through 
which electrolyte is flowed and a data acqUIsItion system which allowed the 
measurement of the voltage generated. 
A schematic diagram of the apparatus is shown in FIgure 4.13 The module was made of 
polycarbonate with electrode plugs made from polyvinylchloride. The flat sheet 
membrane to be tested (10.4 cm2 surface area) was placed on top of the PE, porous 
support mounted WIthin the module and sealed into place usmg two O-rings (FIgure 
4.14) A small opemng at the top and bottom of the module allowed the 2 mm diameter 
AgI AgCI electrodes to be placed in close contact WIth eIther side of the membrane. 
These electrodes could only be safely operated up to pH 7 as the surface tends to 
dIssolve in a more alkaline environment, thereby potentially damaging the electrodes 
and resulting in unstable pH values above 8. Circulation of the process fluid could be 
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carefully controlled via a gear pump and the system was also fitted with two pressure 
transducers from which the ]MP could be detennined. The pressure was monitored 
using pressure transducers and, as can be seen from the diagram, temperature sensors 
were mstalled at four different locatIOns in the set-up (Figure 4.l3). All penneate 
samples were weighed on an electronic balance that was directly linked to the computer. 
The ADDAI4 interface card allowed the conversion of amplIfied measurement signals 
into bmary code by conversIOn of analog-to-digital processing the mfonnation using a 
PC. A QuickBasic 4.5 computer programme whIch had been previously developed was 
used to retrieve all necessary data via the ADDA 14 interface card. Subsequent transfer 
ofthe data into MIcrosoft Excel allowed the zeta potentIal versus pH data to be plotted. 
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Figure 4.13. Streaming potential apparatus. 
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Figure 4.14. Schematic view of the membrane module part of the streaming potential apparatus. 
An experimental methodology was developed to conduct the streaming potential 
measurements. Each membrane was washed and stored overnIght in reverse osmosis-
treated water to remove any loose residue from the membrane surface. The silver 
electrodes were prepared m the following manner: 
• Cleaning of the electrodes in 25% ammonia solutIOn followed by further 
cleanmg in 50% nitnc aCId solutIOn 
• PreparatIOn of the electrodes in 0.1 M HCI in order to coat the electrodes with 
chlonde by anodic depOSItIon of the chloride on silver (the current density was 
0.2mA1cm2) 
• Both electrodes were placed together m 0.1 M HCI solution for at least one hour. 
Since both electrodes are prepared separately the potential dIfference between them may 
not be as low as deSIred, therefore, the last step ensures that the asymmetrical potentIal 
between the two electrodes does not exceed I mY. PeriodIcally, the above outlined 
cleamng and preparatIon procedure has to be repeated m order to prevent too much 
polarisation of the electrodes. ThIs IS partIcularly true If high flow rates are used, as 
under such condItIons the chlonde layer wears off more easily. Once the membrane 
module has been tIghtly fitted onto the apparatus all electrodes, temperature and pH 
sensors were fitted. The solutIOn pH ID the feed tank was continuously monitored 
throughout each experiment. 
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Prior to each experiment 2 L of 0 00 I M electrolyte (KCI) solution was prepared. A low 
electrolyte strength was chosen because the Helmboltz-Smoluchowskl equation, used to 
detennine the membrane zeta potential, is limited to low electrolyte strength (\0.3 M) 
(Saxena and Shahi, 2007). The streaming potential apparatus was rinsed using ultrapure 
water, checking the membrane module for any leaks and the conductivity was 
monitored. A water bath was used to maintain the experimental temperature at 25°C 
±loC. Water was circulated at a pressure twice as high as the highest experimental 
pressure for at least 30 minutes to reduce the impact of any membrane compaction 
effects during the subsequent measurements which were conducted from I bar(g) to 0.2 
bar(g) in 0.2 bar(g) steps. After the apparatus was thoroughly rinsed and stabilised it 
was dramed of water and one litre of electrolyte solution was used to nnse the apparatus 
and increase the conductivity m the system. The software parameters were set with a 
standard deVIation allowance no greater than 0.01 and a measurement time of at least 3 
minutes was allowed per pH value corresponding to approximately I3 to 15 
measurements from which an average at the given pH was computed. The streammg 
potential was first measured by reducing the solution pH from a starting pH, e g. 5.8 
down to about pH 3.0, using HCI of different molanty. Subsequently, the system was 
dramed and rinsed With fresh electrolyte solutIOn and new electrolyte solution was 
placed into the feed tank. Subsequent measurements were perfonned by mcreasing the 
pH usmg an alkali such as KOH For each experimental nm 7 measurements were 
conducted in the pH range from 3 to 7 Note that measurements below pH 3 were 
aVOided because too many free hydrogen ions in solution were found to disturb the 
conductivity measurements. After an expenment had been completed, the raw data was 
transferred to disk for later analysis and the apparatus was flushed with water and 
dismantled. Further processmg of the data and detennmatIon of the hydraulic membrane 
penneability (penneance) and the zeta potential was then conducted usmg a specifically 
developed Excel template 
4.10.5 Field emission scanning electron microscopy 
Field emission scannmg electron mlcroscopy (FEGSEM) was used to obtain 
infonnation about the cross-sectIOn and thickness of Milhpore and Nadir PES 
membranes. All non-conductIve membrane samples were coated with a gold layer using 
the sputter coating technique. The micrographs for this study were obtained with a 
FEGSEM apparatus (Leo -1530 VP) using an acceleratmg voltage of 20 ke V. Typically, 
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accelerating voltages of 15 to 20 ke V are recommended for analysIs of a non-
conduclIve specimen (Gabnel, 1985). The membrane samples were mounted onto a 
substrate which can be secured in the FEGSEM apparatus. If a cross-sectional image of 
the membrane was reqUIred the membrane was freeze-fractured usmg liqUId nitrogen. 
4.11 Membrane handling prior to filtration experiments 
It is evident from the literature review that membrane cleaning has an important Impact 
on membrane filtration processes. Furthennore, a standardised method to prepare the 
UF membrane prior to their use is sensIble Membrane manufacturers are known to use 
wetting agents such as glycerine in order to prevent their membranes from drymg out. 
Sodium azIde may also be present as a preservative. Thus, a methodology was 
developed to pretreat the NadIr and Millipore membranes. It IS worth noting that sueh 
pretreatment methods should not necessarily be generahsed because membranes from 
different manufacturers vary m theIT morphology even If they are nOlIonally made of the 
same polymer. Such variations are evident in that differences III the surface chemistry 
and the overall surface roughness exist (Ktm et aI, 1990; Klm et aI, 1992). UF 
membranes tend to have a shiny and a rougher sIde where the shinier sIde mdlcates the 
active layer whIch should face upwards dunng filtratIon experiments. During cIeanmg 
in a beaker, however, this shiny side should, therefore, face downward WIth respect to 
water to effectIvely pretreat the membrane. 
Millipore membranes were always pretreated accordmg to the following procedure' 
• 2 h storage in de-ionised water changing the water at least three times 
• Pre-compactlOn at a pressure at least twice as high as the desired filtration 
pressure. 
Nadir membranes were pretreated m the following manner: 
• 30 mmute storage in 0.1 M NaOH 
• 24 h storage III de-IOnised water changing the water at least tWIce 
• Pre-compactIon WIth water at a pressure tWIce as high as the deSIred filtration 
pressure for at least 30 minutes. 
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Storage of the membranes from the different manufacturers also varied slightly and the 
manufacturers' recommendatIons were followed. MIllipore membranes were immersed 
in a 10% ethanol/water mixture and refrigerated. Nadir membranes were stored in de-
IODIsed water only and refrIgerated. 0.2% sodIUm aZIde was added to each storage 
solution in order to prevent any bacterial growth. 
According to the manufacturer Mtlhpore membranes with MWCO < 100,000 may be 
operated up to 4.6 bar(g) pressure (Membranes> 100,000 MWeO should not be 
operated above 0.7 bar(a) pressure). Nadir membranes are generally operated up to a 
maximum of 4 bar(g) and PES membranes from either manufacturer can be operated 
over the entire pH regime due to the hIgh chemical stablhty of PES. 
4.12 Protein filtration experiments 
The majonty of expenments were carried out using NadIr membranes. Milhpore 
membranes can be sensItive to phosphoric aCId therefore the use of phosphate buffer 
with these membranes entaIls the risk of experimental difficultIes. In addItIon, water 
flux data for Nadir membranes was more consistent than that obtamed WIth Millipore 
membranes Nadir membranes were also found to be physically more stable than 
MIllipore membranes when exposed to the plasma modificatIOn process (SectIon 5.1 I). 
4.12.1 Stirred cell operation 
In Section 4.8 the se apparatus was introduced. An illustration of the dIfferent parts 
required for the se assembly was gIven in FIgure 4.6. During assembly of the se the 
membrane to be tested was placed with the shiny side (filtratIOn side) facmg upwards on 
top of the sinter plate (shown in Figure 4.8), on top of which an O-nng seal was placed. 
The other O-ring seal was fitted on top of the glass (see Figure 4.6) Pressure was 
applied from the nitrogen gas cylinder (which had been set via a calibrated pressure 
controller) and monitored continuously on a pressure gauge. Permeate flux was inferred 
from successIve volume measurements taken WIth a graduated cyhnder and a stopwatch. 
Feed and permeate samples of 3 to 4 mL were taken at fixed tIme intervals and analysed 
using the UVNls spectrophotometer. se protein filtratIOn experiments with new 
membranes were conducted over 30 minutes. When modIfied membranes were used the 
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experiment was conducted over several hours due to the substantially reduced permeate 
flux (see SectIOn 5.3 5). 
4.12.2 Crossflowoperation 
Membranes were placed in the module such that the shiny side faced the flow channel 
of the CF module (see also Section 4.7). The membrane holder (Figure 4.2) was firmly 
tightened and I L of water was subsequently introduced into the feed tank and pressure 
gradually raised to I bar(g) in order to test for any leaks. Subsequently, the membrane 
was compacted at 0.5 bar(g) and permeate flux measurements were taken at this 
pressure and at the experimental pressure of 0.25 bar(g) which allowed clean water flux 
and membrane permeabIlity data to be determined. The permeate flux measurements 
were conducted using either a graduated cylinder and a stopwatch or an electronic 
balance WIth a beaker. During experiments with protein solutIOns feed and permeate 
samples of 3 to 4 mL were taken at fixed time intervals and analysed using the UV Nis 
spectrophotometer Permeate flux measurements were conducted periodically 
throughout the duratIOn of each experiment. CF protein filtration experiments with new 
membranes were conducted over a minimum of two hours. 
4.12.3 Experimental matrix - Chapter 6 
Protein filtrations using unmodified membranes, pretreated according to the method 
descnbed in Section 4.11, were conducted at two dIfferent ionic strengths (20 mM and 
100 mM) and at several different solution pH values. Both BSA and L YZ filtrations 
were conducted at pH 4.9, 60, 7.0 and 8.4. One advantage of operating at these pH 
values when uSing BSA is that It does not undergo any sigmficant conformational 
changes over this pH range (Rezwan et of ,2004) AddItional experiments (at both ionic 
strengths) were conducted with LYZ with both the CF and SC at pH 11.0, the Isoelectric 
point of L YZ The membrane MWCO of 50,000 Da was chosen to ensure that some of 
the BSA protein would still be able to transmit through the membrane. L YZ is expected 
to transmit to a great extent uSing 50 kDa membranes. Manufacturers generally 
recommend the use of membranes with a MWCO as low as 10,000 Da in order to fully 
retain BSA protein. Detailed explanation of why the 50 kDa cut-off was chosen is 
provided in Sections 5 1.1 and 5.1 2. All protein filtratIOn experiments were conducted 
using buffer solutions as descnbed earlier (Section 4.3). The TMP in both SC and CF 
experiments was 25 kPa ±O I. At this TMP the CF velocity In the CF apparatus was 
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-{).42 mls (refer to Section 6.2.1). All experiments with unmodIfied membranes were 
carried out at 22±2°C using a new, pretreated Nadir membrane. Experiments with BSA 
at a hIgher feed concentration (1.0 gIL) were also carried out m order to investigate 
concentratlon effects on permeate flux and rejection (refer to Section 6.3). 
4.12.4 Experimental matrix - Chapter 7 
The results presented in Chapter 7 were obtained usmg plasma-modIfied and 
unmodIfied 50 kDa Nadir PES membranes. The filtratlon experiments were conducted 
at a TMP of 50 kPa ±0.1 using the SC apparatus. The feed concentration was always 0 5 
gIL for all protein solutions. In order to demonstrate any potentlal charge-mteractions 
the iomc strength had to be Iow, therefore all experiments were conducted at 20 mM 
IOmc strength. Experiments were conducted at pH 3.2, pH 4.9 and pH 8.4 for BSA and 
at pH 11.0 for L YZ. All experiments were carried out at 22±2°C. 
4.13 Conclusions 
In thIs chapter an overview of the methodologies employed during the experimental 
work has been provided. The use of PES membranes from two different manufacturers 
and how membrane cleaning can be important both after solute rejection and protem 
filtratlon experiments was dIscussed Several apparatus were descnbed includmg the SC 
and CF apparatus of which the latter was purpose-budt to more closely resemble 
industrial-scale flow condItions. Other apparatus mcluded the HPLC and UVNls 
employed for analYSIS purposes and the plasma generator which was used to modIfY the 
surface of PES membranes. A range of characterisation methods (MWCO, contact 
angle, swelhng, streaming potential, SEM) were developed and the necessary 
equipment was descnbed.· Imtial experiments and mformation from the membrane 
manufacturers also led to the development of a membrane pretreatment methodology. 
Finally, the chapter was completed by dIscussing the set-up of the main protem 
filtration experiments. In Chapter 5 results obtained from charactensatlon expenments 
are provided. 
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Chapter 5 - Membrane Characterisation 
In this chapter the results from membrane characterisation experiments are shown. 
These include molecular weight cut-off (MWCO) data obtamed both with the stirred 
cell (SC) as well as the crossflow (CF) apparatus in addition to measurements of water 
permeabihty. Scanmng electron microscopy (SEM) and contact angle measurements 
were used to gain insight mto the structure and surface propertIes of the membrane. X-
ray photoelectron spectroscopy was carried out wIth unmodIfied and plasma-modIfied 
membranes and streammg potential measurements were taken in order to obtain surface 
charge information. Relevant addlltonal calculations and expenmental data supportmg 
this chapter are proVIded m the Appendices and referred to when appropriate. 
5.1 Molecular weight cut-off 
Ultrafiltration (UF) membranes are generally characterised by the molecular weight 
(MW) of the solute to be filtered. Membrane manufacturers use the MWCO/nMWCO, 
the (nominal) molecular weIght cut-off, sometimes also referred to as the NMWL 
(nommal molecular weight hmlt), as a measure of the retention capabihties of the 
membrane. By defimtion, the MWCO of a membrane corresponds to the molecular 
weight of the probe that is 90% or more retamed by the membrane. The MWCO has 
also been expressed as the upper molecular weight limit of transport above which less 
than 10% transport through the membrane occurs (Cooper and Van der Veer, 1979). 
Thus, by defimtion, if the membrane has a given MWCO then 90% of the solute 
molecules of the same MW as the cut-off of the membrane should be rejected. In 
reality, this IS not necessarily the case, because the MW of a given solute may translate 
into an effective solute size that IS different to that of the probe molecule (refer to 
SectIOn 5.2.1) Moreover, experimental MWCO data for a given membrane may differ 
from that quoted by the manufacturer because of variations in testing conditions 
mcludmg solute concentration, feed flow and hydrodynamic conditIOns, the use of 
dIfferent standards for testing (including polyethylene glycol (PEG), dextran and certain 
protems), or also vanatlOns during the membrane production process. In this study, the 
majonty of MWCO measurements were conducted using the SC although the rejection 
profile, due to hydrodynamic and mass transfer effects, can be expected to vary in a CF 
configuratIOn as discussed and demonstrated in Section 5.1.3. 
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In order to charactense an UF membrane in terms of Its MWCO It IS recommended to 
measure the permeabihty of between five to eight standards (commonly dextran, as used 
in the current work, or PEG) through the membrane under controlled conditions 
(Cheryan, 1998) whereby transmembrane pressure (TMP), stimng rate/crossflow 
velocity, solute concentratIOn and temperature are fixed. Sometimes, other solutes such 
as glucose are also used in additIOn to dextran or PEG m order to extend the size range 
covered m the characterisation study. Hence, a few MWCO measurements were also 
carried out using glucose which has a MW of 180 Da. According to Cheryan (I 998) it is 
also advisable to standardise the volume of test solution to membrane surface area, the 
permeate-to-feed ratIo, and the pretreatment of the membrane. The expenmental 
methodology employed for MWCO measurements with the SC and CF device were 
described in Section 4.10.1. 
5.1.1 Retention curves for unmodified Millipore membranes 
InitIal research was conducted with unmodified MIllipore membranes and their MWCO 
was evaluated at a TMP of I bar(g) (instead of 0.25 bar(g) used for the Nadir MWCO 
tests). MWCO data for Millipore membranes with 10, 30 and 50 kDa cut-off were 
obtained using the SC. Figure 5.1 demonstrates that the actual rejectIOn of the 
membrane was always lower than that expected from the manufacturer MWCO. It is 
mteresting to note that It IS only the 10 kDa membrane which seems to be able to fully 
retain molecules with a MW of 70 kDa; MIlhpore recommends the use of 10 kDa 
membranes if full retention of bovine serum albumin (BSA) (-MW 67,000) is desired. 
This data illustrates - purely on a size basis - that, although theoretically a cut-off of 50 
kDa should retain most of BSA as a solute, this can only be achieved if a membrane 
with a substantIally lower cut-off IS chosen. This may not only be due to the vanations 
in MWCO testing methods but also due to the fact that solutes preferentially transfer 
through the larger pores of a membrane (Cleveland et al ,2002). 
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Figure 5.1. MWCO comparison of unmodified MilJipore membranes (SC apparatus) - the 
dashed lines indicate the molecoar weight at 90% rejection. 
Dextran retention tests were also tested for their repeatablllty, whereby small 
differences may also be attnbuted to variablhty in the membrane sheets Figure 5.2 
shows retentton data for a 30 kDa MIllipore membrane (47 mm diameter) taken from 
the same batch (Lot: K4JN7665) as that shown in Figure 5.1. Note that m additIOn to 
the dextran standards, a 180 Dalton glucose solution was able to completely transmit 
through the membrane, as expected. Moreover, the charactensation was also repeated 
usmg the larger diameter sttrred cell (76 mm, see Sectton 48) to further assess 
repeatability of the method, The two different membrane sizes were employed in order 
to demonstrate that the rejectIOn profiles are independent of the surface area of the 
membrane and also in order to demonstrate that pOSSible variattons between membrane 
sheets can exist One must be aware that the MWCO method is limited by such 
variations between membrane sheets, vanations in the membrane pore size distnbution 
and also by potential variations introduced by way of preparing and transmitting the 
dextran solutIOns. SitU, the method proVides a useful mdication of the expected 
rejection performance although It IS necessary to take into account the error which can 
be introduced as a result of the mentioned vanattons. 
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Ideally, a comparison of the rejection profiles for the tested 30 kDa membranes should 
be very simIlar and this can be seen in Figure 5 2. The rejection obtained from the 
membranes of different diameter is simIlar. The deviation in rejection between the 47 
mm diameter membranes was slightly higher. However, a dIrect companson of the 
rejection values obtained from HPLC analysis yields a variatIOn of no more than ±5%, 
but mostly ±2% at each data point suggesting that the characterisation technique is 
robust within the IImitattons mentioned above. It thus has to be pointed out that such 
variations have a noticeable effect on the reported rejection at 90% (as seen from the 
dashed lInes in Figure 5 2). 
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Figure 5.2. MWCO comparISon of unmodified 30 kDa Millipore membranes (Se apparatus). 
On thIs basis, the rejectIOn at 90% was 53 kDa for membrane A and 61 kDa for 
membrane B. This findIDg demonstrates two aspects. Firstly, an experimental error of a 
few percent has to be considered at each data point and vanations ID the membrane pore 
structure are to be expected, even for membranes from the same lot. Secondly, the 
MWCO for these 30 kDa membranes IS, ID fact, much higher under the chosen 
expenmental condItions than would be expected based on the manufacturers' definition. 
Such factors have to be accounted for when comparing MWCO data for SC and CF 
filtration (SectIOn 5.1.3). Refer also to the manufacturer data sheets (see AppendIx G). 
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5.1.2 Retention curves for unmodified Nadir membranes 
The MWeO of unmodified 50 kDa Nadir membraoes was evaluated in the se device at 
o 25 bar(g) TMP and a stIrrer speed of 2,400 rpm. The two membranes were cut from 
the same sheet in order to observe any potential variabihty. For both membranes the 
rejectIOn obtained at 90% is in agreement WIth the MWeO definitton as can be seen in 
FIgure 5 3. Hence, in comparison to the MWeO results obtained wIth the MIihpore 
membranes, the Nadir membranes showed better repeatabihty. Moreover, the 
characterisation method seems repeatable wIth only one noticeable deviation observed 
when transmItting the 5 kDa dextran staodard. This difference does not have to be 
associated with any variations in the experimental method but It could be due to a 
noticeable dIfference in the pore sIze distnbution (PSD) of the membrane cut from the 
same sheet. 
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Figure 5.3. MWCO comparison of unmoddied 50 kDa Millipore membranes (SC apparatus). 
At 90% rejection the MWeO corresponded to 60 kDa (Membrane A) and 52 kDa 
(Membrane B), respectively. 
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5.1.3 Stirred cell vs. crosstlow MWCO data 
Dextran retention for unmodIfied Nadir membranes was also determined using the CF 
apparatus (descnbed in SectIon 4.7) under comparable condItions to the SC (refer to 
SectIon 6.2 for details) ThIs was done in order to observe any variatIons between the 
two filtration modules. It would not be unreasonable to expect some differences 
between the MWCO profiles obtained from the two apparatus as the hydrodynamic 
configurations between the two modules are somewhat different. Whilst both filtration 
systems have drag components acting perpendicular and parallel to the membrane 
surface one key difference is that III the crosstlow apparatus proteins exiting the device 
in the retentate stream are recycled back into the feed resulting in continuous 
regeneration of the concentratIon polarisation boundary layer at the device inlet. Thus, it 
is expected to see dIfferent degrees of concentration polarisation in the two devices 
coupled with different mass transfer rates. 
A plot of the observed retentIon for a 50 kDa unmodified membrane using both the SC 
and CF deVIce IS shown III Figure 5.4. WhIlst It is not surprising that the solute rejection 
in the CF device was dIfferent to that observed with the SC given the prior reasomng, 
the most noticeable deVIations occurred over the lower MW range (up to 25 kDa). This 
may have to do WIth the fact that larger solutes WIll be mamly retained at the membrane 
surface, lITespectIve of which device IS used. In such instances, rejection should be 
simIlar, although dIfferences in flux may be observed as shown in Figure 5 5. Lower 
MW solutes, however, will transmit through the membrane accordmg to the forces 
actmg on them Thus, since hydrodynamic drag and convective forces are dIfferent 
between the two devices due to diffenng mass transfer rates this is reflected m the 
solute rejection profile of those standards whIch are able to transmit through the 
membrane. 
WIth reference to Figure 5.4, m the case of the SC the rejection correlates well WIth the 
manufacturer quoted MWCO, whereas for the CF apparatus the MWCO is closer to 75 
kDa. Although it has been demonstrated earlier, that MWCO measurements for the 
same membrane type can occur due to variations in the testing method andlor the 
membrane structure, the dIfference between the measured SC and CF MWCO IS 
considered too substantIal to be SImply due to experimental error or membrane 
variability. Even when membrane A from FIgure 53 (corresponding MWCO was 60 
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kDa mstead of 52 kDa) IS compared to the MWCO obtained wIth the CF apparatus, the 
deviatIon IS stIli 15 kDa. This demonstrates that with a CF apparatus It is most likely 
that a hIgher MWCO wIll be obtamed compared to a SC device. Interestmgly, the 
hIgher cut-off obtained WIth the CF apparatus agrees more closely with the general rule 
to select a membrane MWeO far lower than the size of the solute to be rejected; it is 
commonly understood to choose a membrane with a cut-off more than two-fold smaller 
than the solute to be rejected to obtam near 100% rejectIon. The previous observatIOns 
can be of considerable importance m selecting the appropriate membrane for a gIVen 
applicatIon. The finding suggests that It will be inappropnate to assume the MWCO 
obtained from a se wIll allow the user to choose the most SUItable membrane for an 
application which is to be conducted with an apparatus with a dIfferent flow 
configuration. 
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Figure 5.4. MWCO comparison unmodified 50 kDa Nadir membranes (SC and CFapparatus). 
In order to support these findmgs a direct comparison of solute rejection data obtained 
WIth a 10 kDa membrane using the two devices was also conducted Thereby It was 
pOSSIble to see whether similar results could be obtained using a membrane WIth a 
dIfferent cut-off (see FIgure 5 6) Once again it can be seen that dextran solute rejectIon 
was lower with the CF apparatus. It is worth noting that in both cases (SC and CF 
retention test using a 10 kDa membrane) the MWCO was always higher than would be 
expected from the MWeO defimtion. Further dISCUSSIOn of the dIfferent findings that 
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were made for the SC and CF expenments can be found In the Journal paper 
publIcation, see Appendix G. 
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FIgure 5.5. Dextran nux vs. molecular weight for SC and CF filtration. 
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Figure 5.6. MWCO comparison between SC and CF for unmodIfied 10 kDa NadIr membranes. 
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5.1.4 Retention curves for plasma-modified membranes 
The MWeO of an acryhc acid (AA) modIfied MiIIipore membrane WIth an untreated 
rating of 50 kDa MWeO was determmed usmg the retention test and the se at I bar(g). 
In this case, the modIfication process appeared to be sIgnIficantly lower than the 
MWeO and hence the PSD of the membrane (as shown in Figure 5.7). The profile is 
compared with profiles for unmodIfied 10 kDa and 50 kDa Mllhpore membranes. The 
graph implies that the plasma-modified Millipore membrane now has a much smaller 
MWeO, lower than that of an unmodified 10 kDa membrane. Smce dextrans are neutral 
solutes charge effects are expected to be absent, hence this finding suggests a reductIOn 
of the membrane PSD due to polymer deposition Interestingly, a corresponding 
observation was not made after plasma modification of NadIr membranes as shown in 
Figure 5.8. The dIscrepancy is likely to be due to differences in membrane morphology 
between the membranes from the two dIfferent manufacturers, or pOSSIbly due to a 
difference in the applicatIOn of the plasma modIfication process and potentially also the 
higher pressure that was used during the retentIOn test. Testing of thIS particular 
modIfied membrane was carned out before the methodology to conduct retention tests 
at 0 25 bar(g) had been estabhshed. At I bar(g) the hkehhood for dextran fouling to 
occur is higher (Susanto et al , 2007). 
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Rejection cmves for plasma-modIfied NadIr membranes were obtamed for membranes 
exposed to plasma only and plasma- and AA-modified Nadu membranes (see also 
Section 4.9.2). In Figure 5 8 the rejection curve for the AA-modified membrane is 
directly compared with data for the plasma only modified membrane and an unmodified 
50 kDa Nadir membrane. It can be observed that in the higher MW region the dextran 
solute rejection was higher WIth the unmodified 50 kDa membrane. In the lower MW 
region, however, rejection was greater with the modIfied membrane suggesting that the 
modIfication process may have caused closure of at least some of the smallest 
membrane pores. The vertical dashed lines also show that at 90% rejection, the dextran 
solute retention has actually decreased which suggests an Illcrease in the size of the 
larger pores as a result of the modificatIOn process. 
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Comparison of the plasma modified only and the AA-modified Nadir membranes shows 
that III the higher MW rejection range the membrane treated by plasma only shows more 
rejection, however, in the lower MW range rejection was less with membranes modIfied 
by plasma only. One possIble explanation is the addItIOnal deposition of matenal taking 
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place dunng AA dIpping which creates additIonal membrane resistance and/or blockage 
of some of the smaller pores. 
It is unclear just from the MWCO data whether a charge was placed on the membrane 
surface as a result of the AA dipping and thus the MWCO data has to be interpreted in 
context with protein filtration and streaming potential data (see Section 5.9.1 and 
Chapter 7). 
5.2 Interpretation of Molecular weight cut-off data 
The Molecular weight cut-off (MWCO) is not as convenient a measure as pore size IS, 
for instance, WIth microfiltratIon (MF) membranes. It IS therefore warranted to attempt a 
more meaningful Interpretation of MWCO data by relatIng it more closely to molecular 
sIze rather than MW Moreover, it is then possible to relate the solute sIze of dextrans to 
that of the proteins used ID the filtratIon studies 
5.2.1 Stokes radius 
The MW of a solute such as dextran can be related to its actual sphencal size. In order 
to do so, sImple correlatIOns are available to determIne the Stokes radIUS of a gIVen 
solute Stokes radii of dextrans and the radIi of the proteins to be separated can be 
determined and related in order to obtain an idea whether the separation can be solely 
attrIbuted to sIze or if other phYSIcochemIcal effects also have to be considered. 
According to the literature, bovine serum albumIn (BSA), for instance, has a Stokes 
radIUS of 3.45 nm (Menon and Zydney, 1999). If the Stokes radIUS of an eqUIvalent 
dextran IS known then one may conclude that BSA behaves simIlar to such a neutral 
dextran under the same operating conditions, particularly at ItS isoelectric point (PI) 
assumIng proteIns and dextrans are of comparable shape. The Stokes radius (assuming a 
spherical molecule) may be determined using some form of a Mark-Kuhn-Hawink type 
equatIon (Cherkasov, 2005): 
r, = k(MwY (5.1) 
where r, IS the minimal Stokes radius, Mw the MW of the molecule in question and k 
and y are constants. Table 5 I Illustrates data provided by the dextran supplier PSS 
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(Polymer Standards Services, Germany) from which the Stokes radius according to 
Hemmelder (1999) was calculated. EquatIOn (5 I), with k = 0.33 and y = 0.463, as 
employed by Hemmelder and first mtroduced in this form by Granath and Kvist (1967) 
was preferentially used 
Table 5.1. Dextran data from manufacturer and calculated Stokes radii. 
De~trans ~~PoIYfller ~~~~~~~~~i~~ ~P?IYdl:'~~!O". ~o!ec,~lar ~Igh! ~ ,~~~~~s radII) , ~? ~ : Yt~J7~j~ ;:"~!:: (~ji[~~t_S 
c ~~."?? ~ ~'''_~' '>.e *J,.,{' "'\"_""'"" ") j ,: v" , , , 
Descn lIOn S boI Umt Dextran 1 Dextran 5 Dextran 12 Dextran 25 
Molecular weight (g/mo/) 1000 5.000 12,000 25,000 
Mass average molecula r mass M,. 1,320 5,200 11,600 23,BOO 
Number average molecular mass M,. 1,080 3300 8,100 18,300 
POlydlSperslty M,./M. 122 158 143 13. 
Molecular weight correcbon for polydlSperslty M=(Mw*Mn)'Q 1,194 4,142 9,693 20,870 
Modified Stokes' radiUS (0 33 x MO~* ~~) 8n 1561 2313 3300 088 156 231 33. 
Desen lion S bol Umt Dextran SO Dextran 150 Dextran 670 
Molecular weight (g/mo/) 50,000 150,000 670,000 
Mass average molecular mass Mw 48,600 148,000 668,000 
Number average molecular mass Mo 35600 100,000 333,000 
Polydlsperstty Mw/Mn 137 148 201 
Molecular wet!ftl correction fOr polydtsperslty M"'{Mw"Mn)112 41,595 121,655 471,640 
Modified Stokes' radiUS (0 33 x M°.483)* (A) 4541 7463 13976 
(nm) 454 746 1398 
Hemmelder (1999) 
Various authors used equation (5.1), but employed dIfferent values for the constants k 
and y, hence, there can be noticeable differences in the calculated Stokes radii Such 
deviahons are shown in Table 5 2. In the current work, the equatIOn used by Hemmelder 
(I999) was used to determme the Stokes radii of dextrans, because it takes into account 
a MW correctIOn for the polydlsperslty of the sample. The Stokes radn of dextrans are 
used in applying pore flow models to MWCO data in Section 5 2.2. Companng all four 
approaches it is nohceable that two overeshmate the dextran radIUs (Causserand et al., 
2002, Ohver and Decn, 1994) and the equatIOn used by Cherkasov (2005) greatly 
underestimates the dextran radius, If the approach by Hemmelder IS assumed to be 
correct. 
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Table 5.2. Comparison of dextran radii using various forms of equation (5.1). 
Dextran standards ~ deviations in Stokes radii due to the use of different values for constants k and y. ,t; ~ J
1 
~ 
o ",' 0' ,'" " " "'/" '" ' 0[{ 
DescnptlOn 5mbol Unit Dextran 1 Dextran 5 Dextran 12 Dextran 25 
Mass average molecular mass M. (gImoQ 1,320 5,200 11,600 23,800 
Molecular weight correction for polydlSperslty M=(Mw*Mn)112 1,194 4.142 9,693 20,870 
Causserand et a/" a=O 33(Mwf4S a (radIus) (nm) 090 169 244 340 
OlJver and Deen' r-O 448(M..)0437 r (radius) (nm) 104 188 268 366 
Cherkasov" Tt =049(Mw )038 TL (radius) (nm) 075 127 172 226 
Modified Stokes' radius (0 33 x M0 463)* (~~) 877 1561 2313 3300 088 156 231 330 
Descnptlon Symbol Umt Dextran 50 Dextran 150 Dextran 670 
Mass average molecular mass M. (g/moQ 4B,600 14B,OOO 668,000 
Molecular weight correction for polydlsperslty M=(M.·MJ'" 41,595 121,655 471,640 
Causserand et a/ .. 8=0 33(MwtAS a (radius) (nm) 472 789 1577 
Olrver and Deen IJ r=O 448(M..}O 437 r (radius) (nm) 500 814 1573 
Cherkasov· Tt =0 49(M"l38 rl (radius) (nm) 296 452 801 
Modified Stokes' radiUS (0 33 x M°-463)* (~~) 4541 7463 13976 454 746 1398 
Gausserand 9181 (2002) 
orlVer and Deen (1994) 
Chertasov (2005) 
·Hemmelder-(1999) 
A log-plot of the Stokes radii vs. MW detennined with the dIfferent fonns of equation 
(5 I) shows that dextrans of the greatest mterest (5 kDa to 50 kDa) have radii from less 
than 2 to about 5 nm (FIgure 5.9). 
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Figure 5.9. Log-scale dextran Stokes radii vs. molecular weight. 
Using equatton (5.1) in the fonn of equation (52) allows the MW of the dextran 
correspondmg to the radius of protem molecules to be detennmed (Causserand et aI., 
2002) 
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M ={In(Yo33)] 
w 0.46 
(5.2) 
The equatIon was selected as It provides a value for the solute radIUs, r" closest to the 
one determined when polydlspersIty is taken into account (i e. as done in the approach 
by HemmeIder (1999». On this basis, a radius of 3.45 nm of BSA corresponds to a 
dextran molecular weight Mw of 24,535 or 25 kDa. The BSA molecule can therefore, at 
least purely based on size, be assumed to be closely related to a 25 kDa dextran This is 
important in selecting a membrane with an appropriate MWCO. A choice of membrane 
based on the Stokes radIUs seems more appropriate than Simply on a molecular weight 
basis In the case of BSA (MW 66,430) one would assume that a 50 kDa cut-off 
membrane will reject most of the protem, whereas the Stokes radIUS, in fact, suggests a 
membrane With a cut-off of at least 25 kDa or lower would be more appropriate 
(Ignoring other physicochemical effects that may impact upon separation). In other 
words, considering the Stokes radIUs of BSA, one would expect this protein to be 
simIlarly transmitted (or rejected) through a membrane with a given MWCO as a 25 
kDa dextran would. 
If the same approach is also taken for L YZ, which IS reported to have a Stokes radius of 
1.83 nm (RabIller-Baudry et ai, 2000), one can immediately see that predictIons of 
LYZ protem rejection on a molecular weight baSIS (MW 14,700) can also be 
misleading Using the reported L YZ Stokes radIUs m equatIon (5.2) gives a 
corresponding MW of 6,183, therefore LYZ corresponds more closely to a 5 kDa 
dextran. Again, thiS suggests that for LYZ to be completely retamed by the membrane 
on a size-basIs (neglectmg other effects) a membrane cut-off at least a third of the 
protein MW would have to be chosen. 
This analysis confirms the general rule which is to select a membrane cut-off much 
lower than the protem MW m order for the protein to be fully rejected by the 
membrane. 
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5.2.2 Pore models 
In this section, two models, Ferry's and the Stenc Hindrance Pore (SHP) model are 
introduced as a means to detennine an eqUivalent membrane pore size for a given solute 
size. Such models are useful in relatmg rejection data to different pore sizes and it will 
be demonstrated that the two pore models give very sImilar equivalent pore sizes. 
Knowledge of the Stokes radii of dextran solutes, as calculated in SectIOn 5.2.1, can be 
used WIth pore models to allow the relationship between solute rejection and membrane 
pore size to be evaluated. The two pore models discussed below are commonly used 
when the pore size of the membrane and the Stokes radd of the solute(s) used In 
retention tests are known. WIth this infonnation the rejectIon profile of a given 
membrane can be predIcted. In the current work the models are reversed, that is existing 
data from MWCO retentIOn tests and knowledge of the Stokes radIi are used in order to 
detennine the pore sIze of the membrane for a given solute rejection value. Hence, the 
models can only predict the approximate size of a pore relative to a solute of a fixed 
size. However, this approach allows one to obtain an Idea of the membrane pore size at 
90% rejection which is of interest in MWCO detenninations. 
It has been shown earlier that the membrane MWCO is not always the most convenient 
characterisation tool as it can be dIfficult to directly relate the solute sIze to the 
membrane cut-off. However, several researchers have attempted to relate solute 
dIameter, d" to the actual pore diameter, dmp, of an UF membrane (Ferry, 1936; Mehta 
and Zydney, 2005; Zydney et al., 1994; Van der Bruggen et aI., 1999). Ferry's model is 
one of the early attempts that assumes an equivalent unifonn pore size, but is obVIously 
a gross assumption as most membranes, particularly asymmetrIc membranes, WIll 
inherently have a PSD. Nevertheless, the model provides a simple and useful approach 
to obtain an estimate of the average pore sIze of a membrane for which rejection data 
has been obtained. Ferry's model defines a reflection coefficient awhlch can be directly 
related to the membrane rejection coefficient if boundary layer effects on the membrane 
are ehminated by agItatIon (Clfra and Bleha, 2005) such that: 
Cp 2 4 Ro =1-C =a=I-2(1-I]) -(I-I]) b 
(5.3) 
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where 11 is the solute to pore diameter ratio (TFd,ldmp). The model is limited in that it 
does not explicitly consider any electrical charges of the dIspersed molecules or the 
membrane and some solutes which penetrate the pore may not transmIt through the 
membrane into the filtrate, which may lead to a slight underesttmatton of the pore sIze 
(Ferry, 1936). 
The steric hindrance pore (SHP) model includes a wall correction parameter, HF, and a 
stenc hindrance parameter, SF. The reflection coefficient is expressed as' 
a=I-HFSF (5.4) 
WIth 
HF =1+C:}2 (5.5) 
and 
(56) 
SF =(1-11)2[2-(1-11)2] 
By way of example, both Ferry's and the SHP model were applied to dextran rejection 
data of a 50 kDa Nadir membrane using the Stokes radii of dextrans as determined by 
Hemmelder's (1999) approach (refer to Table 5.1 earher). In order to solve for the 
membrane pore sIze using the known rejection data and solute molecule sIze the 
mathematical software Maple 10.0 was employed Because of the exponents present in 
both equatton (5 3) and (5.6) solving for the pore size results in more than one solution. 
The "solve" function in Maple was used to obtam these soluttons and subsequently 
constraints were employed, that is 0 < " < I The first constramt IS based on the fact that 
the solute to pore sIze ratto tends to zero when the solute size tends to zero. The second 
constraint considers the fact that the pore size has to be larger than the solute size for 
any transfer to take place and if the solute sIze IS equal or greater than the pore size then 
100% rejection should occur. A sample solution for both Ferry's and the SHP models to 
determine the pore dIameter of the membrane at 90% solute rejection is shown m 
AppendIx C, part d. The relatIOnship between the solute sIze and membrane pore sIze 
based on 50 kDa MWCO dextran rejection data IS shown m Figure 5.10. 
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Figure 5.10. Pore models applied to solute rejection data of a 50 kDa Nadir membrane. 
Generally, for solute transmissIon to take place the membrane pore sIze has to be larger 
than the solute sIze which IS reflected m the size difference between the membrane pore 
and the solute. As the solute size increases from a low value the difference between 
membrane pore size and solute sIze should decrease whIch can be observed from FIgure 
5.10. It IS also noticeable from Figure 5.10 that the pore sizes obtained are slightly 
larger with Ferry's model than with the SHP model. Generally, It can be mferred that 
the pores of a 50 kDa membrane range from at least -4.4 nm in diameter up to -28 nm. 
ThIs is interesting, because if it is recalled that BSA has a 3.45 nm Stokes radIUs (6 9 
nm diameter), it IS not surprising that some of the BSA transmits through a 50 kDa 
membrane (as shown later on in Chapter 6) If only the MWCO of the membrane (50 
kDa) and the MW ofBSA (66 4 kDa) are considered, one would expect 100% rejection 
ofBSA. However, Figure 5.10 clearly shows that (calculated) membrane pore sIzes are 
mostly larger than the diameter ofBSA. 
It IS also useful to apply the two models to rejection data obtained for an unmodified 10 
kDa membrane, because - on a MWCO basis - such a membrane is expected to reject 
100% ofa BSA protein In Figure 5.11 the two models are applied to 10 kDa rejection 
data which show that the smallest pore is greater than 4.4 nm when using Ferry's model 
and greater than 4 1 nm when usmg the SHP model 
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FIgure 5.11. Pore models applied to solute rejection data of a 10 kDa Nadir membrane. 
At 90% rejectIOn, the pore dIameter for each model determmed by interpolation, was 
7.3 nm usmg Ferry's model and 7.2 nm using the SHP model. Therefore, at 90% 
rejection (definition of MWCO) the membrane pore is sttll shghtly larger than the 
dIameter ofBSA (6.9 urn) using either model. Hence, It is not completely surpnsing that 
even with a 10 kDa membrane 100% rejection of BSA is not achieved, as will be 
demonstrated m Section 6.3. 
5.2.3 Further discussion 
In order to fully appreciate the meaning of MWCO data obtained from dextran solute 
rejection it is important to be aware of recent lIterature. Firstly, MWCO characterisatIOn 
should always be conducted at a fixed pressure, because, although dextrans are neutral 
solutes, they result m different rejection data at dIfferent TMP's; as experimentally 
demonstrated by Le and Howell (\ 984). It is for this reason that, both MWCO 
experiments with the SC and the CF apparatus, were conducted at 0.25 bar(g) instead of 
I bar(g) as a low TMP helps to mlmmise any pore blockage by dextrans which would 
lead to membrane fouling Moreover, It was desirable to match the MWCO 
expenmental pressure with that employed dunng the majority of protem filtration 
expenments (see Chapter 6). It has, however, been suggested that using varying TMP 
for solute rejection measurements (using PEG) does not cause much alteration m the 
106 
Chapter 5 - Membrane CharactensatlOn 
obselVed MWCO, at least for the pressure range (380 to 520 kPa) studIed by Cleveland 
et al (2002) In contrast, Cheng and Huang (2002) indIcated in their study of dextran 
solute rejection in a dead-end UF celJ that pressure does have an influence on the 
dextran rejection. Zaidl and Kumar (2004) showed a pressure dependence of dextran 
rejection as welI (usmg a SC device), attnbuting the effect to the extent of any 
concentration polarisation layer formed Moreover, a concentration dependence on the 
thickness ofthe concentration polarisation layer was found. 
Although dextrans are considered as neutral solutes, Susanto and Ulbricht (2005) 
demonstrated that dextrans can adsorb onto a membrane and cause fouling. Their study 
was conducted using polyethersulfone (PES) and celJulose membranes suggesting that 
thIS phenomenon could also be an issue in the current work. Other research with 
fluorescent dextrans has indicated a change in membrane retention due to the presence 
of dextrans (Mulherkar and van Rels, 2004). In recent work experiments were 
performed III an attempt to quantify dextran foulmg and comment upon the underlymg 
mechamsms (Susanto et aI, 2007) However, both of the aforementIOned studies were 
carried out using a dead-end SC at relatively low stimng speed which raises the 
questIOn of whether dextran fouhng would not be less of an issue at higher stirring 
speeds and/or If a CF deVIce had been used. Not surprisingly, Susanto et al. (2007) 
reported much lower permeate flux rates for dextran solutions compared WIth water. 
They attnbuted this to concentration polarisation. Moreover, a dextran concentration of 
1 gIL was used in their study, which, whilst being a common feed concentration, is 
relatively hIgh and a lower starting concentratIOn would be expected to show less 
foulmg. In fact, when trying to demonstrate dextran adsorptton the concentration used 
by Susanto et al. (2007) was as high as 10 gIL, not directly resembling common dextran 
solute rejection testing condItions. POSSIble mechanisms for dextran adsorption onto 
PES membranes were found to include hydrogen bondmg between free hydroxyl groups 
from the dextran and oxygen atoms from the S02 groups of the PES membrane, and 
adsorption due to dIsplacement of water at a hydrophobic membrane surface. The latter 
mechamsm could certainly be an issue WIth the PES membranes used in this study, as 
contact angle measurements indicated a tendency toward hydrophobiclty (refer to 
Sectton 5.7.1) 
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5.3 Flux performance 
5.3.1 Water flux 
Water flux measurements are, in principle, relatively easy to conduct and can provide 
useful membrane characterisatIOn data. The flux of ultrapure water is often used to 
determine the imtial hydrauhc resistance of a membrane pnor to its use m the actual 
applicatIon (see also Section 64.6). Commonly, water flux is also re-evaluated after 
membrane filtratIOn in order to determIne the degree of reduction In flux due to fouling. 
Caution is adVised when USIng water flux information only, because the unique 
properties of water such as a high dielectric constant and Its polarity can also impact on 
its flux so that misleading conclusions may be drawn If water flux data are related to 
protein flux data (Israelachvih, 1992). Moreover, water permeability may not only be 
influenced by the pore size but also by the surface tension, y, of the matenal, hence 
contact angle measurements are often used to obtaIn additional informatIOn about the 
characteristics ofUF membranes 
For a given membrane, the extent of membrane fouling can be quantIfied by comparison 
of the water permeate flux rate of the virgin, Jw, and the fouled, Jp, membrane The 
water flux equatIOn can Simply be stated as: 
J =~ 
w A M 
m 
(5.7) 
where Qw IS the volume of water permeated, Am the membrane area in m2 and LIt the 
sampling time. 
The percentage flux reduction (FR) is estImated by equation (5 S) as used by Ehsanl et 
al. (1997)' 
J -J 
FR = w P xlOO 
(5.S) 
J w 
Water flux measurements were used to characterise both unmodified and plasma-
modified membranes. 
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5.3.2 Water flux data for Millipore membranes 
Water flux generally mcreases linearly with pressure. However, water flux can change 
sIgnificantly wIth time If no prior membrane compaction was conducted; it is therefore 
adVIsable to flush a new membrane with water at a pressure higher than the TMP to be 
used during the actual applicatton. This scenario was Illustrated with an experiment 
using the 47 mm diameter SC and an unmodIfied 30 kDa Mlllipore membrane 
(FIgure 5 12). The error bars represent the standard deviation between three sets of 
experiments. 
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Figure 5.12. Water nux vs. time for an unmodified 30 kDa MilIipore membrane 
at 1 bar(g) TMP (no prior compaction). 
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For the MiIIipore membrane it takes approximately 50 minutes permeation ttme before 
a reasonably stable water flux can be obtained The flux reported time averaged with 
variattons around ±I %, but no more than ±2%. Figure 5.12 also illustrates why such 
wettmg and/or membrane compaction effects cannot be neglected, because using thIS 
membrane after 10 minutes filtration of, for mstance, a protem solution would likely 
lead to mcorrect conclusions about protem permeate flux and/or other factors such as 
potential fouling and concentration polansation effects. A plot of water flux over a 60 
mmute penod for unmodified 30 kDa Mlllipore membranes using the se With and 
without pre-compactlOn demonstrated that a membrane subjected to the pretreatment 
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procedure (Section 4.11) exhibits more consistent and stable water flux from the 
begmmng of permeatIOn (Figure 5.13). The expenments in Figure 5.13 were duplicated 
and an error of a mean standard deviation is shown. 
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Figure 5.13. Water flux comparison of a pretreated and a virgin 30 kDa MIIlipore membrane. 
5.3.3 Water flux data for Nadir membranes 
Microdyn-Nadu GmbH provides an mdication of the clean water flux rates to be 
expected for their UF membranes (Table 5.3) 
Table 5.3. Nadir membrane manufacturer water flux data. 
Membrane-reference 
UPOIO 
UH030 
UH050 
MWCO(kDa) 
10 
30 
50 
Test condlhons 3 bar, 20 ·C, 700 rpm (SC) 
liD 
Water flux (Um'b) 
> 150 
> 100 
>250 
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It seems unusual that the flux rate tested at the same pressure for 30 kDa membranes 
should be lower than the flux rate tested for 10 kDa membranes, however, according to 
the manufacturer this has to do with differences used in the casting process employed 
during the manufacture of the IO and 30 kDa membranes. 
An example of clean water flux data for an unmodified Nadir 50 kDa membrane using 
the se apparatus at different TMPs up to 1.5 bar(g) is shown in Figure 5.14. Also 
shown are data for a similar test conducted with the CF apparatus at several pressures 
up to I bar. The test was repeated for both mcreasmg and decreasing IMPs in order to 
quantify any possible hysteresis effects (which were negligible) However, it must be 
noted that the TMP at a given data pomt can vary by ±O.O I bar. At exactly the same 
TMP, flux vanations were less than ±I %. By comparing water fluxes it can be observed 
that generally the flux was higher in the CF apparatus than m the se apparatus. NotlDg 
that the pretreatment methodology descnbed in Section 4.11 was apphed ID each case, 
Figure 5.15 shows penneation data for 16 membranes tested in both the SC and CF 
apparatus and it IS clear that the flux was always higher in the CF apparatus. The error 
bars show the standard deviation for each set of 16 membranes. Moreover, the flux 
variation error ID the CF apparatus was slightly lower With ±5% variation compared to 
± 7% vanation with the se apparatus. An average flux rate was deterrmned from three 
sets of data for each membrane. Figure 5.15 clearly shows that variations in clean water 
flux from membrane sample to membrane sample exist, even when these samples 
origmated from the same sheet. 
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Figure 5.14. Clean water lIux vs. TMP through a 50 kDa membrane 
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Figure 5.15. Clean water lIux data for 16 Nadir 50 kDa membranes at 0.25 bar(g) (SC and CF). 
Fmally, water flux data using the CF apparatus is shown for pretreated, unmodified 
NadIr membranes wIth a respective MWCO of 10 and 50 kDa (Figure 5.16). The graph 
demonstrates that clean water flux for a 10 kDa membrane is more than two·fold lower 
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than that for a 50 kDa membrane. Moreover, It also demonstrates that followmg pre-
compaction a stable water flux rate is established rapIdly. 
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Figure 5.16. Clean water flux dala for unmodified 50 and 10 kDa Nadir 
membranes al25 kPa Iransmembrane pressure (CF). 
5.3.4 Water flux for plasma-modified Nadir membranes 
70 
Water flux data for a plasma-moddied membrane can provide an initial indication of 
any potential changes m membrane propertIes that may have occurred as a result of the 
modification. A water flux value notably different from the origmal membrane water 
flux would suggest a substantial change m the membrane properties. Using the se, 
water flux data was obtamed for 50 kDa (ongmal ratmg) modified membranes subjected 
to plasma only and for modIfied membranes which had also been acrylic aCId (AA) 
treated. The water flux for the modIfied and AA-treated membrane was also measured 
in the eF apparatus FIgure 5.17 demonstrates that the water flux of modified 
membranes IS an order of magnitude lower than that of an unmodified 50 kDa 
membrane (see FIgure 5.16). ThiS imphes that the MWeO of the membrane has become 
"tighter", the membrane resistance has substantially increased and/or the membrane 
became hydrophobIc MWeO data for unmodified and modified 50 kDa membranes 
(FIgure 5 8) suggest, although some change in the MWeO can be observed, that the 
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drastic reduction In water flux is not solely due to a change in MWCO. In order to be 
considered responsible for the substantially reduced water flux, the MWCO would have 
to be altered and not allow the transmission of any proteins such as BSA, but this was 
not the case (refer to Chapter 7). Thus, a reductIOn in flux due to added membrane 
resistance and/or a more hydrophobic membrane must also be considered (see 
Sectton 5.7.1) 
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Figure 5.17. Clean water flux for 50 kDa plasma-modified Nadir membranes (25 kPa, SC and CF). 
Figure 5.17 also demonstrates that the flux In the CF apparatus was higher compared to 
that in the SC apparatus, as had been previously observed for unmodified membranes. 
Water flux measurements proVide a convement means for ImtIal comparison between 
unmodified and modified membranes A previous study by Gancarz et al. (1999) using 
polysulphone membranes also showed cases where the water flux of the modified 
membrane was reduced after plasma modification. In that particular instance, however, 
this was due to the non-polymerising gas (C02) which can cause a decline or an 
increase In water flux of the modified membrane depending on the plasma treatment 
time (as shown earher in Figure 2.15). The decrease in water flux seen at two minutes 
treatment time may seem rather obscure but it was attributed to the possibility of 
depOSItIon of degraded particles dunng the polymerisation process. At longer treatment 
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times ablation becomes more prominent therefore a subsequent increase In water flux is 
observed because, at this stage, the pore size will have increased further so that potential 
adsorption of degraded membrane skin inside the pores becomes less significant. 
However, the membranes employed in this theSIS were treated using argon plasma for 
60 s only at an intensity of 200 W. Under such conditions a degradation of the 
membrane structure resulting In smaller pores would not be expected. 
5.3.5 Electrolyte flux data for Nadir membranes 
It was mentioned In the literature review (Section 2.4.5) that electroviscous effects 
generally play only a role if the membrane IS significantly charged. If a membrane IS 
charged, a polar liquid, such as water, will not only be oriented In a particular direction 
at the interface, but it will also yield a different flux rate compared to an electrolyte 
solution as double-layer interactions will be stronger compared to salt solutIOns due to 
the shieldmg effect; a high iODIc strength causes the electrical double layer to be smaller 
and the charge around a molecule tends to become suppressed Thus, a salt solution 
such as KCl or NaCl With a low or intermediate Ionic strength can be passed through a 
membrane and compared to water flux data in order to obtaIn an indication of any 
charge interactions This is also of interest when conductIng streamIng potential 
measurements as such measurements are generally conducted usmg KCl or NaCl 
solutions and the apparatus used for this study also allowed parallel salt solution flux 
measurements. The fact that a difference in water and electrolyte flux should be 
observed for a charged membrane also implies that for an uncharged membrane no 
difference may be seen. ThiS IS because salts are sufficiently small in size allowing them 
to fully transmit through an UF membrane. 
Electrolyte (at low salt concentration) and water flux data were obtained for a 50 kDa 
unmodified Nadir membrane using the CF apparatus at 025 bar(g) TMP. When 
companng electrolyte and water flux measurements care must be taken not to employ a 
high salt concentration as osmotic pressure effects can become important which may 
lead to erroneous conclusIOns about the eXistence of charge effects. It IS evident from 
Figure 5.18 that there is no significant difference between water and salt solution flux 
when using an unmodified 50 kDa Nadir membrane, as was expected. Moreover, the 
flux variation error IS no greater than ±4 Llm2h corresponding to approximately ±3.5% 
variation. It was observed that It can take a few minutes until a steady filtrate flux IS 
Chapter 5 - Membrane Characterisatton 
establIshed, even when the membrane was compacted beforehand. The result from 
Figure 5.1 8 also Implies that the unmodified 50 kDa Nadir membrane carries no 
siguificant charge which was mdeed confinmed by streammg potential measurements 
(Section 5.9.1). 
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Figure S.IS. Flux vs. time for water and an electrolyte solution with 
an unmodified 50 kDa Nadir membrane (CF). 
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In order to further assess the impact of any electrovlscous effects 0 1 M KCl solutIOn 
was penmeated through unmodified and plasma-modified 50 kDa Nadir membranes 
using the SC at 0.25 bar(g). Figure 5.19 shows that it was not pOSSible to observe a 
sigmficant effect suggesting that electroviscous effects are not an issue With the 
modified membranes In other words, it can be concluded that the siguificantly reduced 
penmeate flux brought about by the surface modification masks any potentIal 
electroviscous effect or alternatively the membrane does not carry much charge. 
The error bars mdicate that flux varies With time and if the higher flux rate at the 
beginmng of filtration is included in the calculation the variation is of the order of ±6% 
or 0.2 Llm2h. It is also immediately obvious that penmeate flux was substantially 
reduced as a result of the surface-modification. Moreover, the result suggests that the 
plasma-modified membrane IS likely to carry less of a charge than would be expected. 
These aspects Will be discussed in more detail in Chapter 7. The results also support 
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contact angle (Section 5.7.1) and streaming potential (Section 59.1) data which also 
demonstrate that the charge on the modified membranes is lImited. 
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FIgure 5.19. Flux vs. time for water and an electrolyte solution with 
a modified 50 kDa Nadir membrane (sq. 
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5.4 Membrane cleaning experiments 
Membrane cleaning was studied early on m thiS research (as some membranes where 
only avatlable in lImited supply) and initIal work was conducted using 50 kDa Millipore 
membranes 0.1 % dextran solutions were transmitted through the 47 mm diameter 
membranes usmg the se. Despite the claIms from MiIlipore that 0 1 M NaOH alone is 
suitable for most cleaning applicattons, the imttal pure water flux could not be restored 
by this method as illustrated by measuring the water flux of virgin, fouled and cleaned 
membranes. Figure 5.20 shows typical results where flux with the dextran solution 
(\ gIL) was substantially lower than the clean water flux and that the water flux 
obtamed after soaking m NaOH was only marginally improved. The substantially lower 
flux suggests that dextran foulIng occurs with the BlOmax membranes at 1 bar(g) TMP 
pressure. 
The experimental methodology used to conduct thIS and other cleaning experiments was 
outlIned in Sectton 45.3 and the most important results are summarised m Table 5.4. 
The results show that NaOH is able to break down the dextrans 4-fold or more, 
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depending on the NaOH concentration. The data show little Improvement in the 
cleaning effectiveness when 0 5 M and 1.0 M NaOH were used, but the latter two seem 
to be at least slightly more effechve at breaking down dextran into smaller components 
than the 0.1 M NaOH solution. 
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Figure 5.20. Different OUI measurements through a 10 kDa Millipore membrane at I bar(g) TMP. 
It can be seen from Table 5 4 that after 8 hours of contact the refractive mdex 
measurement reduces more than 8-fold when usmg 0.5 M NaOH or higher. Column 
retention times fluctuated by ±O.l minute which was generally observed to be the 
achievable accuracy. The results also imply that the reaction is kmetically fast, because 
most of the reduchon occurs within the first mmute of contact between dextran and 
NaOH. However, even though these data show that dextran can be broken down into 
smaller components, thereby helping to clean a membrane, it does not provide a direct 
estimate of the efficiency of cleaning Within the membrane structure. This IS also why 
some researchers conduct membrane cleaning not only by soaking in solution but also 
by placmg the membrane into an ultrasonic bath to provide movement What the results 
do suggest IS that any possible dextran accumulation at the membrane surface should be 
removed by soaking the membrane in NaOH soluhon followed by subsequent flushing 
with water under pressure. This does, however, not guarantee the removal of dextrans 
located wlthm the membrane pore structure. 
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Table 5.4. Hydrolisation reaction data for various sodium hydroxide molarities and 5 kDa dextran. 
Sample Reaction time! Column retention Refractive 
Sampling time time index reading 
{minutes} (nRIll) 
S kDa dextran, pure sample IS.3 877,000 
0.1 M NaOH + dextran I min IS 2 276,000 
o I M NaOH + dextran I hour IS I 170,000 
0.1 M NaOH + dextran 8 hours IS.2 155,000 
0.5 M NaOH + dextran I mm 15 I 146,000 
o 5 M NaOH + dextran I hour IS.3 139,000 
0.5 M NaOH + dextran 8 hours 152 108,000 
I 0 M NaOH + dextran I mm 15.2 118,000 
I 0 M NaOH + dextran I hour IS.I 108,000 
1.0 M NaOH + dextran 8 hours 15 1 104,000 
It can also be seen from Table 5.4 that it was possIble to reduce the dextran 
concentration by nearly 90% (using 1.0 M NaOH) The use of 0.1 M NaOH, as 
suggested by the manufacturer, resulted iD a nearly 4-fold reduction in dextran 
concentratton within the first minute of contact. This suggests that purely on a 
hydrolisatlOn basis NaOH should work well as a cleanIng agent Nevertheless, NaOH 
cleaning of PES membranes IS not always effective which is hkely to be due to a lack of 
penetration of NaOH mto the membrane structure, partIcularly if the membrane is 
simply soaked In the cleaning solutIOn. As a result of these findings any membrane 
cleaning camed out in this research was conducted using 0 5 M NaOH and penneation 
of the c1eanmg agent at low pressure was also conducted instead of simply soaking the 
membrane in solutton. 
Plasma-modIfied membranes were more difficult to clean because of their low 
penneation rates. Soaking of the membrane in NaOH could be ca1T!ed out in the same 
manner, but if NaOH was to be transmItted through the membrane under pressure 
extremely long penneatton ttmes were reqUIred. In general, new membranes were 
employed for each experIment. If re-use of a previously employed membrane was 
required the cleanIng effectiveness using NaOH was subsequently tested by comparing 
the water penneation rate of the membrane before filtration and after cleanIng. 
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5.5 Membrane swelling 
Many polymeric materials wIll swell ID a solvent. Swelling data only reflect the regions 
in the polymer where the solvent has chosen to reside, I.e. only if the solvent is 
homogenously dlstnbuted ID the polymer can a solubility parameter be found 
representattve of the whole polymer (Hansen, 2000) Swelling is of parttcular interest 
with respect to the cleaning steps taken in this research as WIll be demonstrated. 
Cleaning with NaOH is common ID UF apphcations where the objective is to clean 
polysaccharides or proteins by the mechanism of hydrolysis, as discussed in Section 5.4. 
In fact, as is the case with Mlcrodyn·Nadlr GmbH, some membrane manufacturers 
recommend NaOH c1eanlDg as part of a pretreattnent procedure. Membrane swelling is 
hkely to impact upon flux and solute rejection. Moreover, It was observed that 
subsequent to NaOH cleaning clean water flux rates were temporanly elevated. 
Swelhng expenments were carned out usmg water, O.lM and 05 M NaOH solutions 
with a Millimar instrument as detailed in Section 4.10.3 Table 5.5 shows swelling data 
for 50 kDa NadIr PES membranes in contact with delOnised water and NaOH 
Table 5.5. 50 kDa Nadir PES membrane swelling data. 
Test number Deionised water 0.1 M NaOH 0.5 M NaOH 
swelling (Ilm) swelling (Ilm) swelling (Ilm) 
1 0.8 2.1 1.6 
2 06 30 1.5 
3 10 41 2 1 
4 0.7 20 1.9 
5 0.9 32 1.3 
Average swelling: 0.8 (O 2)' 2.9 (O 9) 1.7 (O 3) 
, Standard devIatIOn In brackets 
Water does swell the membrane by approxImately 0.8 fim on average. The swelling in 
relation to the total membrane thickness IDcreases by approxImately 0 45% only In the 
case of both 0.1 M and 0.5 M NaOH, the swelling data suggest that NaOH does swell 
the membrane more than water The results indicate that after the membrane was in 
contact with NaOH, It -IS hkely to exhIbIt dIfferent flux and solute rejectIOn 
charactenstics. In tenns of membrane cleaning, water flux measured immediately after 
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NaOH cleaning will be temporanly elevated, hence it is advisable to permeate water 
through the membrane for a reasonable time penod (i e at least 30 minutes) prior to 
conducting any further filtration experiments 
Notably, the extent of swelling seemed to be larger for the 0.1 M solutIon compared to 
the more concentrated 0 5 M solutIOn. This is a very interesting findIng, because it 
impbes that USIng a higher concentratton of solvent does not necessanly mean 
membrane swelling will be higher. In relation to membrane cleanIng, this finding IS In 
agreement with the work by Bartlett et al. (1995) who experimentally determined that 
using a more concentrated NaOH solution does not necessarily Improve the membrane 
cleanmg process. 
Flux and rejection of a polymeric membrane can be Significantly influenced by swellIng 
(Tarleton et al., 2005). This is also illustrated in Figure 5.21 and Figure 522 where 
water flux IS measured at I bar(g) through a 10 kDa Milhpore membrane pnor to and 
after 5 kDa dextran filtration using the se, followed by several cleaning steps including 
the use of NaOH. The water flux obtained for a virgIn membrane tended to reduce until 
a steady-state value was reached, probably because of membrane compactlOn effects. 
Figure 5.21 demonstrates a flux reduction for a dextran solution transmitted at 1 bar(g) 
TMP beIng most likely due to concentration polarisation effects and possibly also 
membrane fouling. Subsequent flushing of the membrane with water increased the flux 
but more of an improvement was observed after the membrane had been treated with 
0.1 M NaOH. Sodium hydroxide as a cleaning agent should help to clean the membrane 
not only due interactIon with the solute by hydrolysIs but also because membrane 
swelling results in temporary opemng of the pore structure However, this also means 
that water has to be flushed through the membrane long enough after NaOH treatment 
In order to ensure that NaOH actually helped to clean the membrane and that flux was 
not solely elevated due to the swelling effect. The flux data shown in Figure 5.21 also 
implies that even though dextrans are neutral solutes they have caused some membrane 
fouhng at this pressure, because the ImtIal water flux could not be fully restored; the 
results are in agreement with the findmgs of Susanto and Ulbricht (2005) (see also 
SectIons 5 2 3 and 5.4). 
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Imtral water flux Steady water flux Water flux after Water flux after Water flux after 
dextran filtration water cleamng NaOH cleanmg 
Figure 5.21. Water flux change with different filtration/cleaning steps 
(10 kDa Millipore membrane). 
It can also be seen from Figure 5 21 that water flux after NaOH cleamng was hIghest 
showmg that N aOH cleaning is more effecttve than sImply rinsing WIth water. It was 
also notlced expenmentally that once copious amounts of water were transmitted 
through the membrane to remove NaOH membrane swelling reduced 
As mentIOned earlier, less swelhng was observed when the membrane was placed in 
05 M NaOH compared to 0.1 M NaOH On this basis it IS reasonable to expect a lower 
water flux value after 0.5 M NaOH cleanmg compared to 0 I M NaOH cleaning which 
IS mdeed what was observed WIth 10 leDa MIlhpore membranes (FIgure 5.22) It is 
therefore advIsable to be careful about the choice of concentration of the cleaning agent 
as the result Implies that a higher concentratlon does not always YIeld better cleamng 
results In fact, Bird (2006) recommends not to exceed 0 5 wt% NaOH concentration 
when cleanmg protem foulan!. 
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Figure 5.22. Water flux after different cleaning steps (10 kDa Millipore membrane). 
5.6 Scanning electron micrographs 
The maIn purpose for USIng FEGSEM in this research was to examine both the surface 
and cross-section of the PES membrane, visualise the active and support layer(s) and 
obtain a measure of the total thickness of the membrane. Unfortunately, the resolutIOn 
of conventIOnal SEM was insufficient to yield any useful data concernIng the pore size 
dlstnbutlOn (PSD) of the membrane. 
5.6.1 Scanning electron micrographs - MiIIipore membrane 
Figure 5.23 shows the bottom support layer of the two-layer 10 kDa unmodified 
MIihpore PES membrane which reveals ItS fibrous structure. 
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Figure 5.23. Mill iporc PES mcmbrane cross-section SEM of thc support laycr only. 
A cross-sectional view of the top active layer of the membrane (Figure 5.24) revea ls a 
very dense structure at the top with a progress ively more open structure through the 
depth ; the total thichess of the top layer was - 100 pm. 
Figurc 5.24. Cross-scction SENI view of thc tOI) layer ofa 10 kDa Millipore PES membrane. 
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The tota l membrane thi ckness (i.e. two layers together) was measured as 250 fllTI. For 
completeness, an image of the surface of a 10 kDa membrane is shown in Figure 5.25 
from which pores of a few nanometre in di ameter and a few impuriti es can be 
visualised. 
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Figurc 5.25. Top view SEM ora 10 kDa Millipore PES membranc. 
5.6.2 Scanning electron micrographs - Nad ir mcmbrancs 
A range of SEM images were obta ined for the Nadir membranes. The image of the 
membrane cross-section shown in Figure 5.26 revealed the total membrane thickness to 
be about 175 flm, which is in agreement with manufacturer information who state a 
thickness of between 170 and 180 flm. 
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Total 
membrane 
;;:72~~~~~l thickness : 
175 j1JTl 
Figure 5.26. Cross-section SEM view or a SO kDa Nadir membrane. 
Top layer 
P orous SUppolt 
layer 
Figure 5.27. Upper part cross-section SEM view ofa 50 kDa Nadir mem brane. 
The acti ve layer o f a membrane, responsible for Ihe actual separatio n, is thin compared 
to the porous support on which it rests. Figure 5.27 shows the active layer of a 50 kDa 
Nadir membrane to be approximately 300 nm thick. Hence, the active layer ty pically 
makes up less than 0.2% orthe total membrane thi ckn ess. 
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A top view ofa 50 kDa Nadir membrane with a resolution of200 nm provides an image 
where some of the larger pores of the membrane become visible and can be estimated to 
be approximately of the order of 5 to 20 nm. This is a lso in agreement with the 
estimates of the mean pore size made from solute rejecti on data in Section 5.2.2 earlier. 
EH!" 5.00kV 
wo" 5mm 
Sigl'lll A. Inlens 
Photo No.· 817 
Figure 5.28. SEM top-view of a 50 kDa Nad ir membrane. 
200nm 
rrsolution: 
Largtr pores 
become visible 
A sample vIew of scanni ng electron micrographs of the surface of an unmodified 
50 kDa membrane is shown in Figure 5.29 and that of a modified 50 kDa membrane in 
Figure 5.30. The images of both unmodified and 50 kDa plasma-modified membranes 
were fou nd not to show a s ignificant visible difference. One may argue tha t the surface 
looks slightly denser in th e case of the plasma- modified membrane, but it wou ld not 
necessarily be possible to tell from the image if the membrane was modified or not. The 
same argument applies to a membrane with a smaller MWCO. A SEM of a 10 kDa 
membrane could not be visually di stinguished from a SEM of a 50 kDa membrane. 
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Signal A::: InLens 
Photo No. ::: 814 
Figure 5.29. SO kDa Nadir Ill CmbnlllC- unmodified, lop-view SEM. 
EHT " 5.00 kV 
WO: 5mm 
Signal A. Inlens 
Photo No. = 821 
Figure 5.30, 50 kDn Nadil' memb rane - pl as ma-modified, ('op-view SEM. 
128 
Chapter 5 - Membrane Characterisat ion 
5.6.3 Compa ri son with oth er Sca nning electron micrograph studi es 
It is also of interest to look at conventional and plasma· treated micrographs found in the 
literature in comparison to the images obtained from the current research. Gancarz e l al. 
( 1999) ana lysed polysul phone (PSU) membranes treated with C0 2 plasma for 2 and 6 
minutes durati on, respectively, using SEMs showing the membrane surface and cross-
section (Figure 5.3 1). 
Whil st it is very difficult to observe any difference between the two membranes, one 
may argue that the top-vi ew of the membrane surface for the un modified membrane 
diffe rs fro m the image of the plasma-modified membra ne, but only marginally. 
However, the authors concluded tbat membrane damage becomes obvious from the 
SEM which they attributed to visible c racks in the surface. It is worthwhile noting that 
cracks in the surface are sometimes due to the gold coating which is o ften used as a pre-
treatment prior to SEM image process ing. It is worth pointi ng out that overexposure to 
plasma by prolonged treatment time has also been reported to result in membrane 
da mage by other authors (Johansson and Masuoka, 1999). 
tal 
(b) 
Figure 5.3 1. (a) Unmod ified PSU membrane (2 mi ns.) - surface and cross-sec tion, 
(b) modified PS U mebra ne (6 mins.) - surface and cross-sectio n (Ga nca rz el al., 1999). 
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5.7 Contact angle measurements 
The static contact angle, e, of a sessile drop on a solid substrate was measured In this 
work, as shown in Figure 5 32. The angle is measured when the three phases (gas, 
liquid, solid) are In their natural eqUilibrium and the three phase line is stationary. 
Vapour 
Ys 
,~j Solid 
Figure 5.32. Static contact angle 6. 
If e IS greater than 90° the lIquid tends to fono droplets on the surface, below an angle 
of 90° the lIquid tends to spread out over the surface. As a guidelIne, a membrane is said 
to become more hydrophilIc and exhibit increased water flux rates If the contact angle 
can be reduced from about 70° down to about 40° or below. In addItIOn, a reduced 
contact angle IS considered as a method to prevent or at least reduce the foulIng 
mechanism of pore plugging (Kim and Fane, 1995). 
5.7.1 Results and discussion 
Table 5.6 shows contact angle measurements for unmodified Nadir membranes (10, 20, 
30 and 50 kDa) and an unmodified Millipore (50 kDa) membrane for which the 
experimental set-up was shown elsewhere (Section 4.1 0 2). For each membrane, an 
average contact angle on the left and nght side of the drop in contact with the membrane 
and a mean contact angle were detenoined The vanation in contact angle was no higher 
than ± 3° and the standard deViation for each data set Including more detailed 
measurement results are provided in Appendix E These contact angle measurements 
were conducted at Lappeenranta UniverSity of Technology, Finland. 
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Table 5.6. Contact angle- unmodified membranes (Lappeenranta UniversIty of Technology). 
Membrane Left contact angle Right contact angle Mean contact angle 
Nawr PES 10 kDa 88° 89° 88° 
Nadir PES 20 kDa 85° 87° 86° 
NadIr PES 30 kDa 83° 83° 83° 
Nawr PES 50 kDa 81° 82° 81° 
Mtlhpore 93° 94° 94° 
PES 50kDa 
Table 5.6 shows that despite the manufacturers' claim to have produced hydrophIlic 
membranes the contact angle IS always above 80° for these PES membranes and for 
MIihpore it IS even above 90°, hence in the latter case the surface is said to be non-
wetting. Notably, the difference in MWCO for the Nadir PES membranes seems to have 
little influence on the contact angle as it remams between 80° to 90° m all cases. Hence, 
the membrane surface IS wetted, but only very slightly so that It is questionable whether 
the membrane surface of the unmodIfied membranes is really hydrophilic, particularly 
when consldenng that membranes with Significant hydrophiliclty exhibit contact angles 
of 60° or less. 
It is worth noting that the washmg and drymg process applied prior to the contact angle 
measurements may affect the results. Research work at the University of Exeter has 
shown that for a range of polymenc membranes which were washed and dried were 
found to have higher contact angles than those membranes which were simply washed 
and otherwise analysed directly from the manufacturer (Wakeman and Tarleton, 1992). 
Moreover, the contact angle was found to increase more dramatically If the drymg tIme 
was prolonged. However, if the membranes are analysed without washing off any of the 
chemical agents from the manufacture, the contact angle data are not really 
representatIve of expenmental conditIons, because wetting agents and other impurities 
potentially present are stdl remaining on top ofthe membrane surface. 
The contact angle of 50 kDa plasma-modified membranes was also analysed in Fmland 
using the same procedure. The contact angles with water for a Nadir membrane exposed 
to for a treatment time of 60 s and a plasma mtensity of 200 W and a Nadir membrane 
exposed to 200 W plasma intensity at 60 s treatment followed by AA dipping were 
measured (Table 5.7). The results suggest that there is lIttle difference between the two. 
13l 
Chapter 5 - Membrane CharactensatIOn 
Table 5.7. Contact angle -plasma-modified membranes (Lappcenranta Umversity of Technology). 
Membrane Left contact angle Right contact angle Mean contact angle 
Nadlf PES 50 kDa + 100° 100° 100° 
plasma exposure 
NadIr PES 50 kDa + 100° 99° 100° 
plasma+ AA dipping 
Moreover, both membranes actually became more hydrophobic which is contrary to 
what was expected However, these findings are further supported by the streammg 
potential measurement results (through-pore) shown in Section 5.9. The mcrease in 
contact angle suggests that it was not possible for the acrylic acid groups to easIly attach 
to the membrane surface, pOSSIbly due to prior contact of the modified membrane WIth 
air before the AA dlPpmg. Alternatively, It may be pOSSIble that polyacryhc acid 
formation did not occur in the expected configuration and the groups sticking out from 
the surface are not oriented m a manner where the membrane can become more 
hydrophilic and charged. 
Contact angle measurements of 50 kDa unmodified PES membranes were repeated at 
Loughborough m order to confirm the results from Finland and also investigate 
dIfferences in contact angle between membranes taken directly from the manufacturer 
(i.e. including any wetting agents) and those which were washed and dried pnor to 
analysis 
Table 5.8. Contact angle - unmodIfied membranes (Loughborough University). 
Membrane Left contact angle Right contact angle Mean contact angle 
NadIr PES 50 kDa 
(dIrect from 51° 51° 51° 
manufacture) 
Nadir PES 50 kDa 81° 80° 81° !washed and dried) 
The data shown m Table 5 8 clearly demonstrate that in presence of wetting agents the 
membrane IS more hydrophilic, as had been preVIously observed in the study at Exeter 
UnIversity. However, under mdustrial operating condItions any wettmg agents will have 
been removed so that it IS more senSIble to measure the contact angle of the washed 
membranes and it is also adVIsable to measure the contact angle as soon as pOSSIble, 
once dried (mdustrial membranes are rarely dned). Prolonged drying time and extended 
contact WIth air could cause the membrane contact angle to mcrease even further which 
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was indeed observed m the separate study menltoned earlier (Wakeman and Tarleton, 
1992). 
Typical ranges of contact angles obtained with water (I.e. between the advancing and 
receding contact angle) of various polymer films are tabulated in Table 5.9 with the 
information obtained from various sources (Pham et al., 1999, Tlan et al., 2007; 
Tretinmkov and Ikada, 1994). From this table it can be seen that a PES film, the 
material of interest to this thesis, can be reasonably hydrophilic (tendmg towards an 
angle of approximately 62°). Susanto et al (2007), for example, studIed the contact 
angle of non-porous PES films using the sessIle drop method WIth water and the contact 
angle of the PES film was found to be 75.9 ± 2°. 
Table 5.9. Typical water contact angle with common polymers. 
Polymer type 
PolytetrafIuoroethylene (PTFE) 
Polyethylene (PE) 
Polypropylene (PP) 
Polyether urethane (PU) 
Polyvinyl alcohol (PVA) 
Polyethylene terephthalate (PET) 
Nylon 
Cellulose 
Polysulphone (PSU) 
Polyethersulphone (PES) 
Average contact angle range with water (8) 
97-127° 
82-110° 
72-98° 
59_92° 
22-59° 
50-82° 
53-81 ° 
24-32° 
72_78° 
62-80° 
Gancarz et al (1999) measured the water contact angle on conventional and plasma-
modified PSU membranes and found a sharp decrease in the contact angle after a few 
minutes of plasma treatment suggesting that the membrane became more hydrophIlIc. In 
thIS context, it was mterestmg to note that, in thIS thesis, a comparison of contact angle 
of conventional, unmodIfied PES membranes with those whIch were plasma-modified 
showed the opposIte effect, i e. the contact angle became more hydrophobic. 
Literature suggests that for a typIcal PES polymer film the average contact angle lIes 
between 60° to 70°. Therefore, a permanently hydrophilic PES membrane should 
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ideally have a contact angle of about 60° or even less. The MiIhpore and NadIr PES 
membranes employed in this study are both reported to be hydrophilic by the 
manufacturer, but as shown in Table 5 6 earher, unfortunately neither of the two 
membranes has a contact angle of 60° or lower (under the condItions measured) 
S.S X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) can be used to quantify the elemental 
composItIOn of the first 1 to 10 nm ofa surface. In the present study, It was of interest to 
compare the surface of an unmodified and a plasma-modified membrane with each 
other In terms of their chemical composItion. XPS analysis was carried out by the 
InstItute of Polymer Technology and Matenals Engineenng at Loughborough 
UnIversity. 
In order to conduct this experiment each membrane was contacted with a 0.1 M silver 
nItrate solution for a minimum of 5 hours. The membrane and the silver nItrate solution 
were allowed to eqUlhbrate followed by nnsing wIth and then soaking In dIstilled water 
in order to remove any adherent solution. Finally, after soakIng the sIlver nitrate 
equihbrated membranes in dIstIlled water they were dried overnight in a vacuum oven 
at a maximum temperature of 50°C to prevent modification of the polymer structure of 
the membrane. It is expected from this treatruent that the sIlver ions (Ag 1 exchange 
with carboxylate groups which are expected to be present on the surface of the modified 
membrane. 
Table 5.10. XPS data - 50 kDa Nadir membrane. 
Membrane 
NadIr - unmodIfied (50 kDa) 
Nadlr- modIfied (50 kDa) 
NOTE The elemental compoSItIOn IS shown ID atom % 
Ag 
00 
06 
s 
55 
1 5 
The elemental analysis shows a change In silver and sulphur concentration between an 
unmodIfied and plasma-modtfied membrane (Table 5 10). The values are given in atom 
percentage per 100 atoms The reductIon In the sulphur concentratIon and the presence 
of Ag Indicates that some ion exchange groups were present at the membrane surface. 
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5.9 Streaming potential measurements 
,In collaboration wIth the Department of ChemIcal Technology at Lappeemanta 
UniversIty of Technology, Finland, streaming potential measurements of unmodIfied 
and plasma-modified Nadir PES membranes were conducted. In this thesis the 
streaming potential technIque IS used to examme whether surface-charge groups are 
present on the surface of the plasma-modified NadIr membranes and also to detennine 
how zeta potential data compare to those obtained from original, unmodified Nadir 
membranes. Carboxylic groups are expected on top of the modified membrane surface 
as a result of the AA dipping step subsequent to the plasma modIfication. Weakly acidIC 
groups such as carboxylic groups have higher zeta potentials as the pH becomes more 
alkaline because the charge groups WIll then eventually fully dIssociate WIth 
carboxylate on the surface a membrane pI around pH 4 0 is expected. 
Streammg potential measurements can be conducted along the surface and through the 
pore. For the former experiment two pieces of membrane are reqUIred whIch were larger 
m size than the modified membranes avaIlable for this study. Therefore, streaming 
potential measurements were conducted through the pore only. However, as stated in 
the literature review (Section 24.1) any charge at or within the pore openings has a 
crucIal impact on the filtration performance of a given membrane and should therefore 
proVIde sufficient insight. 
5.9.1 Measurement results 
The measurements were conducted usmg the apparatus descnbed in SectIOn 4.1 0.4. 
Since the apparatus allowed sImultaneous streaming potential and flux measurements to 
be conducted, it was also pOSSIble to obtain permeabihty data from the slope of a graph 
of flux versus pressure. As pointed out in Section 3.1.2, the average hydraulic 
membrane penneablhty or permeance (in Um'h bar) of the membrane can be 
determined from such data whIch are tabulated m Table 5.11. 
Table 5.11. Permeance data for unmodified and plasma·modified PES membranes. 
Membrane 
NadIr 50 kDa - unmodIfied 
NadIr 50 kDa - modIfied and no AA 
NadIr 50 kDa - modIfied and AA dIpping 
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The permeance data clearly show that the flux through the modified membranes is 
substantIally lower than the flux through unmodified membranes This IS ID agreement 
with the contact angle data shown in SectIOn 5.7, where the modified membranes 
showed a larger contact angle than the unmodified membranes. When a membrane is 
hydrophobic It IS classed as non-wettmg, i.e. exhibiting a contact angle greater than 90°. 
A hydrophobic membrane IS often associated With lower permeate flux and higher 
membrane fouling rates. This is because hydrophobic surfaces can promote adsorption 
onto the surface and within the pore structure which, m most cases, will lead to a higher 
membrane resistance Moreover, due to the water-repellent naliIre of the surface it will 
be easier for air to get trapped between the solvent (water) and the membrane surface 
thereby influencing the surface tensIOn of the membrane. 
Streaming potential data for unmodified and plasma-modified Nadir membranes with 
50 kDa MWCO are shown in Figure 5.33 As mentIOned previously, some modified 
membranes were exposed for one minute to plasma at 200 W and others were modified 
m the same marmer but with additIonal dlPpmg into AA subsequent to the plasma 
modificatIon. Firstly, it should be pomted out that the zeta potentIal data obtamed for 
the unmodified Nadu membranes is in agreement with data provided by the 
manufacturer who has also shown that the membrane zeta potential IS just below zero 
mIlIiVolts Whilst streaming potentIal measurements are a relative technique and a 
direct comparison to other zeta potcntial data of other membranes tested under different 
conditIOns should only be conducted very carefully, It is reasonable to assume that a 
zeta potentIal as low as ± 2 m V represents minimal charge. Zeta potentIal of charged 
particles are often of the order of 15 to 30 m V and charged membranes most commonly 
show a variatIOn in zeta potentIal from a posItIve to a negatIve potentIal with a change 
in pH of at least 10 mY. Figure 533 also shows that, apparently, the original 
unmodified 50 kDa Nadir membrane does not have a pI in the range studied, whereas 
upon surface-modificatIOn of such membranes a membrane pI can be found at 
approximately pH 4.3. 
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Figure 5.33. Zeta potential of unmodIfied and plasma-modified 50 kDa Nadir membranes. 
The eleclncal potential for the membranes tested here is only ±2 m V whIch translates 
into a low membrane charge. It is of mterest to highlight how the zeta potenttal values 
shown III Figure 5 33 compare to the zeta potenttal measured for a non-porous PES film 
(Susanto et al., 2007). The zeta potential of such a film was determmed using streaming 
potential measurements (0.001 M KCl electrolyte solution) and the potential ranged 
from about approxImately -10 mV to -30 mV for a surface measurement. It can 
therefore be concluded that the membranes in the current research had relatively little 
charge when measured by the 'through pore' method. 
What can be seen from the zeta potential graph (Figure 5.33) is that its potential 
changed after the plasma modIfication. The graph also indIcates that the modified 
membrane has a pI around pH 4 3 which was not seen for the unmodIfied membrane. 
LIttle change can be observed between the membrane exposed to one minute plasma 
treattnent only and the membrane which was subsequently dIpped into AA, suggesting 
that possIbly not much polyacryhc acid chain formatton on the membrane surface took 
place. This is also eVIdent from the permeance data (Table 5.11) where there is no 
significant dIfference to be seen between the two types of modIfied membranes, 
although the flux for the membrane dIpped into AA was marginally higher. The zeta 
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potential of some plasma modified membranes has been reported to reduce With 
treatment time (Zhan et af ,2004). Thus, it is possible that a prolonged plasma treatment 
leads to a loss of the desirable increased surface charge. However, this should normally 
not have been the case for these membranes as the exposure tIme was only 60 s and a 
reduced zeta potential after plasma treatment was reported to occur after 120 s of 
plasma exposure. Since the total plasma input is dependent on the power input and 
radiation time it may be possible that a plasma mtensity of 200 W was too high, 
yielding only a small number of active sites available to react with AA. Finally, lengthy 
exposure to air prior to AA dipping can also cause a reduced tendency for the 
monomers to attach to the membrane surface. 
5.9.2 Discussion of theory 
Membrane surfaces m contact with an aqueous electrolyte solution generally acquire an 
electnc surface charge. The concept of the electrical double layer apphes which 
comprises of a diffuse part as a result of mobile ions m solution and a compact inner 
part containing immobile surface charges (Behrens and Borkovec, 1999). If an 
electrolyte solutIon IS made to flow between two electrodes a potential difference can be 
measured, known as the streaming potential. Hence, as already pointed out m the 
literalIIre review, the streaming potential IS obtained when a mechanical force is applied 
to force liquid movement across a statIOnary solid phase (Elimelech et af., 1994). The 
streammg potentIal measurement technique allows one to estimate the surface charge 
denSity of a given membrane. Streaming potential data are processed usmg the 
Helmholtz-Smoluchowski equation providing relative values of the zeta potential 
(Equation (2.1». It is Important to be aware that this equation provides only relative, 
and not true, values of zeta potentials when attemptmg comparisons With other 
membranes (Nystrom et aI., 1994). For this reason Nystrom et af (1994) conducted a 
study analysing possible correctIon factors to this equation m order to find more 
accurate zeta potentIals values. In that study it was found that such corrections did not 
lead to any noticeable improvements, implying that the Helmholtz-Smoluchowski 
equation may be used as it stands. However, one must be aware that under conditions 
where the pores are small (as in UF), the dielectric constant of water in the pores may 
differ to that in the bulk which IS a factor not corrected for (PlhlaJamakl, 2007). 
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5.9.3 Application of the surface charge density model 
When the zeta potentIal of a membrane IS known Its charge density can be detenmned. 
Knowledge of the charge densIty can help in interpreting any electrostatic mteractions 
expected between a charged membrane and a charged solute. Bums and Zydney (1999) 
presented a graph of surface charge density versus solution pH for a clean MIllipore 
membrane with a 100 kDa MWCO and a BSA-adsorbed membrane. The data showed 
that the surface charge density had increased after adsorption of BSA. Such an approach 
can also be applied to the streaming potential data for the unmodified and modified 
membranes used in this study in order to determine how the charge density in the 
membrane changes with pH at a given electrolyte concentration. The equations required 
are the Debye length (equation (2.3)), the Helmholtz-Smoluchowski equation (2.1) and 
the equation for the membrane surface charge densIty, Um, applIcable to symmetrical 
electrolytes (Burns and Zydney, 1999; Hunter, 1981): 
(5.9) 
where Co IS the bulk electrolyte concentratIOn, F the Faraday constant and R,g the Ideal 
gas constant. 
For ideal filtration conditions one should choose a pH where the charge density of the 
membrane and also of the solute molecules is hIghest and where the two are of like 
charge, because this should help to mcrease retention and reduce foulIng (Nystrom et 
al., 1994). The streaming potential technique allows one to detect charge density 
variations on the membrane with pH and help to make an informed choice of the 
appropriate membrane. The calculated change in charge density (according to equation 
(5.9)) with pH is shown III Figure 5.34. 
139 
Chapter 5 - Membrane Charactensabon 
000020 
• untreated • plasma modIfied only 0 plasma modIfied + AA dipping 
N~ 000015 
~ 
J 
~ 
U) 
c: 
Cl> 
." 
Cl> 
e> 
'" .c: 
... 
Cl> 
... 
~ 
::J 
Ul 
000010 
000005 
000000 
-000005 
-000010 
-000015 
-000020 
0 
+0 
• 
4 • 
• • 
8 
0 50 6. 0 7 • o. 
• 
• • • • 
• 
Solution pH 
Figure 5.34. Surface cbarge density variation of tbe membrane witb pH. 
It can be observed from thIs result that the charge density of the membrane is quite low, 
confirming its relatively low charge. It is also noticeable that towards pH 3, i.e. in the 
acidic region, the modIfied membrane has a higher charge denSIty compared to other pH 
values so that it may be pOSSIble to observe an effect If filtratton is conducted at thIs low 
pH (a relevant experiment was conducted and is demonstrated in Chapter 7). 
5.10 Conclusions 
In this chapter various characterisatton techniques were discussed. The MWCO analysis 
technique was used to determine the typical rejection curve for the membranes of 
mterest. The rejection of dextran at 90% was always hIgher WIth the CF apparatus 
compared to the SC apparatus. ThIs puts mto question whether the definitton of 
MWCO, usually obtamed wIth SC data, can SImply be transferred as a means of 
membrane selection when other filtration devices with dIfferent flow configuratton are 
used. In additton, a separate means of charactensing the membrane by relating the 
MWCO to an average pore sIze can be useful. For this reason a method to determine an 
equivalent pore size at a given solute radius was developed This allowed one to 
estimate a range of typical pore sizes in relation to dextran solutes and protems. 
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Water flux data was obtamed for a range of membranes. Most notably, analysis of water 
flux data for plasma-modIfied membranes and unmodified membranes showed flux 
rates to be substantially lower for the former. Contact angle and streammg potential 
measurements were also conducted implymg that the plasma-modified membranes 
became more hydrophobic and carry relatIvely httle charge. The unmodified and 
plasma-modified membranes are distinguishable in terms of their contact angle and also 
the surface charge data, although the charge on the modified membranes was 
unfortunately not as substantial as desired. 
In addition to the above membrane swelling experiments were conducted showing that 
cleaning agents such as NaOH temporanly swell the membrane which has to be taken 
into account when conducting cleaning cycles. Scannmg electron micrographs were also 
taken as they provide useful information about the total membrane thickness. However, 
the use of such images to quantify membrane foulIng or obtam pore size data IS lImited 
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Chapter 6 - Filtration with Unmodified Membranes 
The purpose of this chapter IS to estabhsh an understanding of protem flux and rejection 
data for unmodified membranes. The effect of operating variables such as the mfluence 
of pH and ionic strength on protein filtrahon using two different filtratIOn apparatus was 
studied. In the systematic study bovme serum albumin (BSA) and lysozyme (L YZ) 
were studied at several pH and two ionic strengths (20 mM and 100 mM, respectively) 
employing both the stirred cell (SC) and the crossflow (CF) apparatus. Nadtr 
membranes, having a molecular weight cut-off (MWCO) of 50 kDa, were used in all 
experiments (see Section 4.12). AddItional experiments were conducted with LYZ at 
pH II 0 with both apparatus and at both ionic strengths. The experimental results are 
discussed and contextualised with reference to existmg data in the hterature. In addlhon, 
an attempt has been made to compare data between the two different apparatus. 
Important properties of the feed solution and additional expenments WIth unmodIfied 
membranes of different MWCO are also discussed. Calculations of the shear stress at 
dIfferent impeller speeds relevant to thIS chapter are provided in AppendIx C, part c. 
6.1 Feed solution properties 
Certain properties ofthe feed solution including solute charge and solution vIscosity can 
be important during protein filtratIOn. If, for mstance, the membrane and the solute are 
of hke charge, charge repulsive effects are mostly dominant. Such data relevant to the 
interpretation of the results are presented here. 
6.1.1 Protein charge 
The concentrahon of surface charge around protems is dIctated by the solutIOn pH and, 
as shown in Table 4.2 earlier, bovme serum albumin (BSA) has an isoelectric point (pI) 
around pH 4 9 and lysozyme (L YZ) has a pI around pH II O. It is important to note that 
the locatIOn of the charge concentratIOn WIll differ between proteins; and in the case of 
BSA and L YZ the former carries a nottceably higher number of chargeable ammo acid 
resldues, as illustrated m FIgure 6.1 (Rezwan et al ,2005). According to thIs graph over 
the pH range relevant to thIs chapter (pH 4 9 to pH 11.0, see Section 4.12.3) the protein 
charge is simt!ar at pH 5 for both proteins and negative for BSA thereafter. The overall 
charge on L YZ remains positive untt! approxImately pH 9.0 Notably, these charge 
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values were theoretically evaluated yielding a BSA pI of 5.5 and a LYZ pI of 100 
(different from the conventionally accepted, experimentally obtained pI of -5.0 for BSA 
and -11.0 for LYZ). The theoretical pI has a relative error of 10% for BSA and 13% for 
LYZ nevertheless Figure 6 1 provides a useful indicatIOn of the signIficance of charge 
for the two proteins. Generally, it can be concluded that, at certain pH levels, BSA 
should show more of a charge effect than L YZ (provided charge interaction with the 
membrane exists, see Chapter 7). 
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Figure 6.1. Total protein charge for RSA and LVZ, adapted from Rezwan et aL (2005). 
Mukai et al. (1997) also reported zeta potential and surface charge density data for 
BSA. The zeta potential varied by ±40 m V, dependmg on the solution pH and the 
surface charge denSIty ranged from approxImately ·0 05 to 0.05 C/m2• It can be noted 
that the charge denSIty of the protein IS much tIghter than that of the membrane 
detennined from streaming potential measurements (refer to Figure 5 34). Palacio et al. 
(l999) also conducted zeta potential measurements for a BSA solutIon and found the 
zeta potentIal to be simIlar to that reported by Mukai et al. (1997) WIth a pI at pH 5 O. 
6.1.2 Solution viscosity 
Solution VISCOSIty influences a range of parameters including the dIffusion coeffiCIent of 
the protem and It IS generally accepted that macromolecular solutions are more viscous 
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than the pure solvent Although it must be remembered that the feed concentrations 
used in these studies are very dIlute (0.5 g!L), this does not mean, however, that in the 
vicimty of the membrane surface viscosIty is not hIgher. It IS nevertheless useful to 
know the starting viscosity of a typICal protein solution employed in these studies, 
therefore the vIscosity of both bovine serum albumin (BSA) and lysozyme (L YZ) 
solutions was determined using a standard Ostwald viscometer over the temperature 
range from 15·e to 40·e As shown ID Figure 6 2, at 20·e, the VISCOSIty of water is 
1.002x 10.3 Pa.s and the average viscositIes of BSA and L YZ were determined as 
1.037xlO·3 Pa.s and 1.038xlO·3 Pa.s suggestIDg that at a feed concentratIOn of 0 5 g!L 
viSCOSIty differences are negligible. 
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Figure 6.2. Viscosity of protein solutions and water versus temperature. 
6.2 Crossflow versus stirred cell filtration 
50 
In both se and eF filtratIOn, pH and ionic strength effects are reported to have a 
noticeable influence on filtration performance during UF of amphoteric macrosolutes 
(Fane et al., 1983a; Fane et ai, 1983b; McDonogh et ai, 1989). No attempt has 
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previously been made to dissect any differences such effects may have when analysing 
both SC and CF filtration under sImilar condItions, although It is widely known that 
many laboratory studIes are carried out with SC systems in contrast to industnal 
applications which mostly use CF systems. Thus, an attempt is made to compare CF vs. 
SC filtration on the basis of shear by emulating simIlar shear condItions (Section 6.2.2) 
in order to establIsh reasonable hydrodynamic simIlarity between the two devIces. 
A comparison based on lIqUid mixing alone, I.e. in terms of Reynolds numbers is 
inappropriate. ThIS is because the rotational Reynolds number (used for SC 
applications) and the conventional Reynolds number for a tube or duct (used for CF 
applications) are based on different scales (Laminar flow up to Re < 10 for the 
rotational Reynolds number and lammar flow up to Re < 2,100 for the conventional 
Reynolds number). Moreover, Cheryan (1998) states that several equipment designers 
think that shear rate rather than Reynolds number needs to be maximised in order to 
achieve low fouling filtration, further supporting a shear based approach Ideally, 
similar shear rates in both devices should result in a comparable momentum boundary 
layer thickness. The thickness of the concentration boundary layer may still dIffer whIch 
would be evident from differences in the mass transfer coefficients obtained WIth the 
two devices for a given solute. Fmally, to ensure that a reasonable comparison between 
the two deVIces is justified, as many parameters as possIble were kept Identical dunng 
the experiments including pressure, temperahIre, feed concentration, pH and iOnIC 
strength. Note also that the transmembrane pressure (TMP) of the CF device was 
calIbrated, that IS the TMP was not simply evaluated by adding the inlet and outlet 
pressures and dIVIding by 2 The TMP was actually evaluated using a pressure 
transducer placed below the membrane whilst testing dIfferent inlet and outlet pressures 
(1 e. flow rates). 
In industry, it IS generally understood that CF operation results in higher efficiencies of 
filtration than dead-end or SC filtration (LIpnizki, 2007). It is therefore of interest to 
conduct comparable studIes with the two operational modes under similar condItions in 
order to compare and contrast this statement 
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6.2.1 Reynolds number 
The flow condlUOns in any membrane application are of great importance as surface 
shear is known to reduce membrane fouling. Knowledge of the Reynolds number and 
thcrefore the flow regime m which one operates can help to understand fouling and 
concentration polansation phenomena under given conditions. The conventional 
Reynolds number, Re, is defined as: 
Re = pud 
Jl 
(6.1) 
where p IS the density, u the velocity, d the diameter, and Jl the liqUid viscosity. In order 
to-caJculate the Reynolds number m the CF module the diameter, d, has to be replaced 
with the hydraulic diameter, dh (Section 4.7.2). The membrane module of the CF 
apparatus has a channel width, a, of 0 03 m and a duct height, b, of 0 002 m. The 
hydrauliC diameter, dh, IS therefore 3.75xlO·) m (see also Appendix e - part a). 
If the Reynolds number in the SC system is to be detenmned, the equatIon for the 
rotational Reynolds number, Re" applies: 
(6.2) 
where D,mp is the impeller diameter and 0) the angular velOCity. 
6.2.2 Shear stress model 
It was the mtention to mamtain similar shear conditIOns at the membrane surface both in 
the se and CF apparatus. Therefore, a force balance across the CF membrane module 
was carned out, as illustrated in Figure 6.3, yieldmg: 
(63) 
where tJP m is the pressure drop across the membrane length, r the shear stress and AA 
the membrane length Rearrangement of equation (6.3) and inclusion of the hydraulic 
diameter (equation (4.2» gives' 
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!!.Pd, T=--
(6.4) 
4M, 
At the chosen transmembrane pressure (TMP) of 25 kPa (SectIOn 4 12.3) the pressure 
drop across the membrane length is about 1100 Pa from whIch a shear stress of 34 Pa 
was calculated. 
_iJP 
Figure 6.3. Force balance across the membrane (CF module, a = 30 mm, b = 2 mm, M,= 30 mm). 
The shear stress in the CF module has to be related to that in the SC. The calculation of 
the shear stress in the SC is more difficult and requires some assumptions to be made. 
The shear model is based on a flat blade ImpeIIer (as present in the Milhpore Se). The 
flow field underneath the impelIer was dIvided mto an inner and an outer region, where 
the two are divided by the cntical radIUs, rc, at which the maximum shear is experienced 
(Figure 6.4). 
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Following the approach of Kosvintsev et al. (2005), who compared oil droplet 
formation m a Weissenberg rheometer and a se, the critical radIUS was determined 
from. 
D ( D)( )0036 re = ---""!'..1.23 0.57 +0 35---""!'.. ~ nbOIl6 Re, 
2 Wsc Wsc 1000+ 1.43 Re, 
(6.5) 
where Wsc is the inner glass WIdth of the se, h the blade height and nb the number of 
stirrer blades. For the se apparatus D,mp = 3.8 cm, Wsc = 4 2 cm (inner cylmder width), 
h = 0.9 cm, and nb = 2. The shear stress below the critical radius (i e the inner region) is 
calculated from equation (6 6) whereas the shear stress at the cntICal radius and beyond 
(i.e. the outer region) IS calculated from equation (6.7): 
(6.6) 
(6.7) 
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where r IS the radial position along the Impeller at which the shear stress is determined 
and Ob the boundary layer thlclmess. The thickness of the boundary layer is determmed 
from the Landau-Lifshitz equation (Landau and Lifshltz, 1959): 
(6.8) 
The boundary layer calculated here and relevant to the shear stress IS the momentum 
boundary layer (which is generally always larger than the concentration boundary 
layer). The Impeller critical radius for the Mtlhpore se was calculated as 1.47 cm at the 
forced impeller speed of 2,400 rpm. Table 6.1 illustrates how different impeller speeds 
affect the location of the critical radius along the impeller and shows the corresponding 
rotational Reynolds numbers. In order to determine Re, the revolutions per minute (rpm) 
of the impeller in the se were measured using a Photo-Tachometer (Model TM-301l). 
At the chosen Impeller speed of 2,400 rpm the rotational Reynolds number 
was -57,000. 
Table 6.1. CrItical radius and rotational Reynolds number at different rotational speeds. 
Rotational speed Angular velocity Re, Critical radius 
(rpm) (rad/s) (cm) 
100 II 2407 I 15 
500 52 12033 140 
1400 147 33693 1.46 
2200 230 52947 1.47 
2400 251 57760 1.47 
2700 283 64980 147 
The data clearly show that beyond a certain rotational speed, the location of the critical 
radius reaches a maXImum, which, in this se system, corresponds to 1.47 cm. That is, 
for the gIven impeller, a single blade is 1.9 cm long therefore 043 cm of the impeller 
comprises the inner region and 1.47 cm the outer regIOn. In order to calculate an 
average shear stress the area under the impeller needs to be considered as depicted in 
FIgure 6 4 The diagram also shows the shear stress at the cntical radius was 48 Pa, 
which corresponds to the maximum shear obtained at 2,400 rpm at that location along 
the Impeller (see also AppendIx e, part c). The representative overall shear stress was 
determmed by integration of equations (6.6) and (6.7): 
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I r2 
r(r) = 0 825 JllV--' 
Ob 2 
r0 4 _r0 4 I 
r(r) = 0.825 JllVr~ 6 X / , 
0.4 Ob 
(6.9) 
(6.10) 
where ro is the radius at point zero, i e. the centre of the Impeller and rj is the final 
radius, i.e. at the tip of the impeller. The integratIOn result was also confirmed by using 
Slmpson's rule; upon its usage an average shear of 29 Pa was obtained. To match the 
34 kPa shear stress m the SC, usmg equatIons (6.9) and (6.10), an impeller speed of 
2,700 rpm is required which is beyond the maximum achievable speed m the SC 
without causing deep vortex formation Therefore, the closest match between the SC 
and CF apparatus without detrimental effects on the process variables was chosen for 
comparison purposes, i e. 2,400 rpm in the SC, yielding an average shear stress of 
29 Pa. For the two given membrane modules a trade-off had to be found to match the 
conditions as closely as possible. A transmembrane pressure of 25 kPa, determimng the 
cross flow velocity in the CF apparatus, was the lowest practicable pressure to be used to 
conduct the experiments. Moreover, it can be deduced from Table 6.1 that the maximum 
achievable critIcal radius and thus shear rate is obtained at about 2,200 rpm. Increasmg 
the rpm does increase the shear but not the critical radius. Therefore, an unavoidable 
error of approximately -15% is introduced when compared to the shear stress m the CF 
apparatus. 
6.3 General experimental trends 
In this sectIOn general trends observed from protem filtration of BSA and L YZ carried 
out as part of thIS research work are highlighted in terms of permeate flux, feed 
concentration and MWCO. It was also of interest to observe the impact of a change m 
feed concentration on filtration In addition, protein flux data for the CF and SC deVices 
and membranes of different MWCO can help in mterpreting filtration phenomena. 
The flux ofBSA at 0.25 bar(g) and pH 7 obtained with unmodified 10 kDa and 50 kDa 
Nadir membranes using the CF apparatus was reported at 20 mM ionic strength. 
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Figure 6.5 shows penneate flux data for BSA (I g!L feed concentration, 20 mM, pH 7) 
for 2 hours filtration time 
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Figure 6.5. BSA filtrate Hux for a 10 and 50 kDa Nadir membrane (0.25 bar TMP, 20 mM). 
It can be seen, that in both cases, a stable flux was reached after approximately 
30 minutes of filtration which suggests that an equihbrium flux was reached at that 
point. It can also be inferred from the graph, because of the mitial, more rapid flux 
decline, that membrane m-pore fouling takes place until a quasi eqUlhbrium is reached. 
If such a noticeable flux decline is seen It IS generally understood that a subsequent, less 
drasttc decline in the filtration rate is due to solute accumulation at the membrane 
surface, a concept applicable to both ultrafiltratIOn (UF) and microfiltration (MF) 
(Tarleton and Wakeman, 1993). The permeate flux was also substanttally lower with the 
10 kDa membrane compared to the 50 kDa membrane and is due to the lower hydraulic 
permeabtlity of the 10 kDa membrane compared to that of the 50 kDa membrane. 
It is also of interest to compare the CF filtration of BSA at higher (1 gIL) and lower 
(0.5 gIL) feed concentrations (usmg a 50 kDa membrane at pH 7). It was found that 
permeate flux is nottceably lower for the higher feed concentration, as demonstrated in 
FIgure 6.6. 
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Figure 6.6. BSA filtrate flux for 0.5 and 1.0 gIL feed concentrations wIth a 50 kDa Nadir membrane 
(0.25 bar TMP, 20 mM). 
The lower flux is a result of the higher bulk densIty at higher concentration creating an 
additional resistance to flow ThIs can also be confirmed by applymg the film model 
(see equation (3 9)) from which can be deduced, all other factors bemg equal, that the 
flux rate decreases as the bulk concentratIOn increases. 
90 
~ 
C 80 
c: 
o 
tl 
CD 
'w 70 
0: 
60 
I ..... BSA - untreated 50 kOa -e- BSA • untreated 10 kOa 1 
50+-------__ ------~------__ ------__ ------__ ------__ ----~ 
o 20 40 60 80 100 120 
Filtration tome (min) 
Figure 6.7. Protein rejection ofBSA with unmodified 10 and 50 kDa Nadir membranes 
(0.25 bar TMP and 20 mM). 
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Rejection data for both IO kDa and 50 kDa MWCO filtratIOn with 1 gIL and 50 kDa 
BSA filtratIOn WIth 0.5 gIL feed concentration were obtained. It is expected, that BSA 
WIll be completely rejected, or at least to a greater extent, for 10 kDa membranes 
compared to the larger cut-off 50 kDa membranes (see Figure 6.7) Interestingly, 
although rejection for the 10 kDa membrane was higher, a small quantity of BSA 
molecules was stilI able to transmIt through the membrane. This suggests that it is 
difficult to retain 100% of solute purely on a size basIs, unless the chosen membrane 
has a MWCO several orders of magnitude smaller than the protein molecular 
weight (MW). 
Smce the permeate flux was lower at the higher feed concentration during the 50 kDa 
MWCO experiments shown in FIgure 6.6 the solute concentratIOn at the membrane also 
increased thereby reducing the flow through pores large enough to transmit solute than 
is the case for the less concentrated solution. As a result solute rejection will eventually 
increase. Figure 6 8 indeed shows higher solute rejectIOn for the higher feed 
concentration. 
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Figure 6.8. BSA rejection with a 50 kDa membrane for two dIfferent feed concentrations_ 
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6.4 Protein filtration results and discussion 
In thIs section, filtratIOn expenments with BSA and L YZ protein soluhons using both 
the CF and SC apparatus are dIscussed. Since both of these proteins can become 
unstable above 30°C, all experiments were carried out below 25°C (see SectIOn 42). 
New, unmodIfied and pretreated (but not plasma-modified) membranes were used for 
each expenment (as mentioned in Section 4.12 3). Membrane sample variability effects 
were mmimised by measunng the water flux using an Identical methodology. If the 
water flux variation deviated by more than 7% from a previously obtamed mean water 
flux then another membrane was used in order to maintam a near constant average 
membrane hydrauhc resistance prior to any expenment. For the purpose of any 
modelhng osmotic pressure effects were assumed to be negligIble in all experiments 
due to the relatively low protein concentration used (0.5 g/L). The osmohc pressure of 
macromolecules IS mostly deterrmned from vlrial expansions. However, for the purpose 
of demonstrating that the osmotic pressure can be neglected at low feed concentrations 
(irrespective of the hIgher solute concentratIOn which, in some cases, will occur at the 
membrane surface) the osmohc pressure, n, was determined from the followmg 
relahonship (Cheryan, 1998)' 
n=YuWRT 
v '. 
(6.11) 
where c is the feed concentration, Mw the molecular weight of the solute, V the solution 
volume (I htre for the CF and 50 mL for the SC), R,g the ideal gas constant and T the 
temperature. The osmohc pressure values for both BSA and L YZ are tabulated for a 
range of concentrahons, highlightmg the feed concentration relevant to this work in 
italics (Table 6.2). 
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Table 6.2. Osmotic pressure data for BSA and LYZ. 
Protein Concentration n 
(gIL) (kPa) 
BSA 025 0009 
LYZ 025 0.042 
BSA* 05 0018 
LYZ* 05 0084 
BSA 10 0037 
LYZ 1 0 0.167 
BSA lOO 0370 
LYZ 10.0 1.670 
BSA 500 1.848 
LYZ 500 8.351 
BSA 1000 3696 
LYZ 1000 16.703 
*Data ID ItalIcs shows the values which were actually used ID the expenmental studies 
Table 6 2 demonstrates that osmotic pressure effects can become quite important for 
low molecular weight solutes at concentrations of 10 gIL and higher. However, the 
higher osmotIc pressure for L YZ of -0.09 kPa at a feed concentratIOn of 0 5 gIL does 
not have a significant impact on a TMP of 25 kPa. Moreover, Saksena and Zydney 
(1997) demonstrated in their work that osmotic pressures for BSA really only become 
relevant at concentratIOns of 100 gIL and higher beyond which the osmotic pressure 
rises exponentially. Even though the concentration at the membrane surface IS higher 
than in the bulk it does not reach levels where osmotic pressure effects would 
sufficiently affect the TMP for it to be of concern under the experimental conditions 
employed. In addition, Blatt et al. (1970) clearly state that for solutes with molecular 
diameters in excess of 1 nm osmotic pressure effects are usually absent because for high 
molecular weight solutes the osmotic pressure is very small in companson to the 
applied pressure (as eVident from Table 6 2). 
The results shown m Sections 6.4.1 to 64.4 were obtained at 30 minutes filtratIon time. 
This corresponds to the maximum filtration time for the SC and the corresponding 
permeate flux and rejection data from the CF experiments The same filtration time was 
chosen so that a comparison could be made knowing that filtratIon parameters such as 
pressure, feed concentration, pH, ionic strength and temperature were also equal, and 
shear rates were Similar as explained m SectIOn 6.2 2. Error bars are not shown in the 
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graphs as any flux vanations were at most ±2% whilst vanatlOns in rejection were at 
most ±l %. The results shown are typical of those obtained. 
6.4.1 Crossflow filtration of bovine serum albumin 
BSA filtration (0.5 gIL) at 0.25 bar(g) was carried out in the CF apparatus for pH values 
of 4.9,60, 7.0 and 8.4 at two different ionic strengths (20 mM and 100 mM) using a 
50 kDa Nadir membrane. The CF velocity m the CF apparatus was dictated via the mlet 
valve. The cell area was 6x10's m2, the volumetric flow rate was 2.4 - 2.7xI0·s m3/s at a 
corresponding TMP of25 kPa ±O 01 and an inlet pressure of35 kPa ±O.OI. Dividmg the 
volumetnc flow rate by the cell area gives a CF velocity of 0.40 to 0.45 mls 
corresponding to a Reynolds number of approximately 1,450 to 1,700. Hence, under 
these conditions, the flow regime in the CF apparatus was laminar. As mentioned in 
Section 4.7.2 it was intended to ensure fully developed laminar flow m the 
CF apparatus. The hydrauhc diameter of the channel was approximately I % of the 
channel length, thus it is reasonable to assume fully developed laminar flow 
(McDonogh et al., 1989) 
Protein rejectIOn and penneate flux data are shown in Figure 6.9. It can be seen that 
BSA was not 100% rejected With the 50 kDa membrane when using the CF apparatus It 
IS also noticeable that there is a relatively small difference in observed rejectIOn with a 
change in ionic strength, although the rejection was somewhat higher at the higher IODIC 
strength In Ime with this observatlon, penneate flux was lower at the higher ionic 
strength. Penneate flux, particularly at the lower Ionic strength, shows a gentle increase 
away from the pI of BSA (PH 4 9), i.e. With an increase of negative charge around the 
protein. 
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Figure 6.9. BSA erossflow filtration at 25 kPa. 
6.4.2 Crossflow filtration of lysozyme 
L YZ filtration (0.5 gIL) was carned out in the CF apparatus for pH values of 4.9, 60, 
70 84, and II 0 (Its pI) and at two different Ionic strengths (20 mM and lOO mM) 
using a 50 kDa Nadir membrane. Protem rejectIOn and permeate flux data are shown in 
Figure 6.10 It can be seen from the graph that most of the L YZ is transmitted through 
the 50 kDa membrane, as would be expected. In contrast to BSA filtrahon, rejectton 
was lower at the higher IOnic strength. In line With this observation, permeate flux was 
also higher when the rejechon was lower. Changes m pH seemed to have an influence 
on permeate flux reflected in a slight tendency for the flux to decrease away from the 
protem pI (PH 11.0). Moreover, the L YZ protem carried a positive charge at all pH 
values shown (whereas BSA was negatively charged at all pH values, except at pH 4.9, 
its pI). 
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Figure 6.10. LYZ crossflow filtration at 25 kPa. 
6.4.3 Stirred cell filtration of bovine serum albumin 
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The experimental condittons m thIS sectton were Identical to those of the CF BSA 
experiments shown in Section 6.4.1. Protein rejection and permeate flux data are shown 
in FIgure 6.11. It is apparent that in case of the SC the iODIc strength has a stronger 
mfluence on rejection than was observed with the CF apparatus. Rejection was higher at 
the hIgher ionic strength. It is also noticeable that the observed rejectIOn was as low as 
70% at the lower ionic strength, although, on a MWCO basis, neglectmg other effects, 
most of the BSA should be rejected (MWCO 50 kDa vs. a protein MW of 66.4 kDa). 
Permeate flux was higher when the rejection was lower (20 mM ionic strength). A pH 
change away from the protein pI resulted in a hIgher permeate flux, whIch was observed 
for both IODIC strengths. 
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Figure 6.11. RSA stirred cell filtration at 25 kPa. 
6.4.4 Stirred cell filtration oflysozyme 
L YZ filtration (0.5 gIL) at 0.25 bar(g) was earned out in the SC apparatus for otherwise 
identical condittons noted for L YZ in Section 6.4.2. Protein rejection and permeate flux 
data are shown In Figure 6.12. The filtratton of LYZ WIth the SC resulted in lower 
rejection at the higher ionic strength, just as was observed with the CF apparatus. The 
effect of the change in ionic strength was agam more pronounced for the se result, than 
for the CF result. The influence of pH on permeate flux seems to go through a 
maximum around pH 7.0. Permeate flux was markedly hIgher at the higher iomc 
strength. 
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Figure 6.12. LYZ stirred cell filtration at 25 kPa. 
The key observations of SC and CF filtration are summarised III Table 6 3 which shows 
the higher and lower permeate flux ranges obtallled over the pH range studied It also 
shows the observed rejection range and the influence of ionic strength on both permeate 
flux and rejectIon. 
Table 6.3. Overview of protein filtration results using 50 kDa unmodified membranes. 
Stirred cell Crossflow 
BSA LYZ BSA LYZ 
Flux (UL)'Um'h' 90 80 85 100 
Flux (LL)'Um2h. 60 55 55 70 
Rejection range -65 to 90% -20t050% - 80 to 100% - 5 to 25% 
Iomc strength effect 20mM> 100 mM > 20mM> IOOmM> 
on flux 100 mM 20 mM 100mM* 20 mM 
Ionic strength effect 100mM> 20mM> 100 mM > 20mM> 
on reJectIon' 20 mM 100 mM 20mM* 100mM* 
• UL Upper Limit 
+ LV Lower Lllrut 
. 
subtle effect 
Permeate flux rates were comparable for BSA filtration between the two filtratIOn 
devices. For L YZ, however, permeate flux rates were somewhat higher with the CF 
apparatus compared to the SC apparatus When the protein MW was higher than the 
membrane MWCO, rejection was higher With the CF apparatus compared to the SC 
apparatus. In contrast, when the protein MW was lower, rejection was also lower with 
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the CF apparatus than with the se apparatus. For both the CF and se device the impact 
IOnic strength had on permeate flux and rejectIon followed the same pattern. However, 
the impact of ionic strength was more obvious wIth the se apparatus 
Moreover, when the protein (BSA) had a higher MW compared to the MWeO of the 
membrane, permeate flux was higher at the lower ionic strength and rejection was 
correspondingly lower. When the protein (L YZ) had a lower MW compared to the 
MWCO, permeate flux was higher at the higher ionic strength and rejection 
correspondIngly was lower. Hence, whichever iOnIC strength gave the higher permeate 
flux also resulted in lower rejectIon. This suggests that in case of higher solute rejectIon 
a larger resistance to flow is created leading to a lower permeate flux rate. Generally, as 
is known from the film theory, as the concentration at the membrane surface mcreases 
so does the amount of back-diffusIOn into the bulk. This is mostly accompanIed by an 
Increase in solute rejection, but not always, as charge effects also have to be considered 
and at low back-dIffusion rates (high back-dIffusion occurs at high concentrations at the 
membrane surface which ean be brought about by the application of high pressures) it is 
occasionally eaSIer for more of the solutes to penetrate the membrane now that they are 
located near the entry to the pore rather than in the bulk. 
6.4.5 Ionic strength effect 
The data obtained suggest that ionic strength effects have an important influence on the 
filtration propertIes of protein solutions. It should therefore be possIble to utIlise ionic 
strength m order to create favourable separatIon conditions as a high salt concentration 
in the feed Influences the size of the protein by shielding its charge (Nystr6m et a!., 
1998). This can result in transmission of macromolecules at pH values far away from 
theIr pI, where they would not otherwise transmIt. Hence, the iOnIC strength can be used 
to alter the hydrodynamic size of the macromolecules in solution. Interestingly, under 
the given experimental condItIons, the extent of thIS effect seems to be more 
pronounced when USIng the se apparatus. This would imply that the mass transfer 
coefficients for the two systems were not identical and mass transfer was probably 
higher in case of the se experiments makIng the IOnIC strength effect more obvious. In 
order to tador a speCIfic filtration outcome by use of ionic strength effects, ideally the 
mass transfer coefficient in a given system should be maximised and the impact of the 
TMP WIll also have to be conSIdered 
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It is also of interest to put ionic strength into context in terms of Its relation to the Debye 
length. As noted in SectIon 2.4.4, the Debye length varies wIth iOnIC strength At very 
hIgh iOnIC strength (> 200 mM) the Debye length remains short However, at 
Intermediate (50 to 200 mM) and low IOnic strength « 50 mM) the Increase in the 
Debye length becomes more sIgnIficant and noticeable, as illustrated In Figure 6.13. It 
becomes clear from the graph that ionic strength directly influences molecule charge. In 
addition, diffusivity IS known to increase as the ionic strength increases 
(McDonogh et al., 1989). 
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Figure 6.13. VariatIOn in Debye length with an increase in ionic strength. 
Two specific Debye lengths were calculated using equation (2 3) and are highlIghted in 
this graph, namely those correspondIng to the iOnIC strengths employed In the protein 
filtratIOn expenments. A Debye length of2.15 nm corresponds to 20 mM and 0.96 run 
corresponds to lOO mM ionic strength. This clearly shows that, In thIS case, a five-fold 
increase in the IOnIC strength results III a more than 50% reductJon in the Debye 
screenIng length explainmg why solutes at hIgher ionic strength can approach each 
other more readIly. In other words, if the IOnIC strength is low and the Debye screenIng 
length sIgnificant, the charge around the protem causes repulsive interactions with 
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surrounding proteins of the same charge. Moreover, the hydrodynamic sIze of the 
protem wIll be increased due to the added Debye length and the diffusion coeffiCIent 
will be lower. Therefore, at a low Ionic strength, the solute molecules are further apart 
from each other preventing closer packing of the solutes. If this observation is 
contextuahsed with the BSA filtration results shown m FIgure 6.9 and FIgure 6.11 
permeate flux was indeed higher at the lower ionic strength and rejection was lower 
than at the hIgher lomc strength, as expected. However, if the same reasoning is appbed 
to the L YZ filtration results shown in FIgure 6.10 and Figure 6.12, the theory does not 
hold In this case, permeate flux was lower at the lower ionic strength and rejection was 
correspondingly hIgher. The influence of ionic strength must therefore be discussed in 
relation to the MWCO, the pore size distnbution of the membrane and any charge of the 
membrane and solute. 
As indicated in Section 4 4.2, the Nadir membrane carries a small negative charge. 
However, streammg potential data showed that this charge is small enough to be 
deemed as almost negligible (see Section 5.9.1). On this basis, it may be assumed that 
charge interactions between the membrane and the solutes are negligible and only 
solute-solute charge interactions and the membrane pore sIze are important in 
interpreting filtration results for BSA and L YZ under these conditions. Low ionic 
strength seems to have a dIfferent influence On permeate flux and rejection for dIfferent 
proteins which can only be explained by first dIscussing what happens at raised ionic 
strength. At a hIgh iomc strength the Debye length is shortened and a charge-shieldmg 
effect takes place (Hiemenz, 1977; Shaw, I 992). However, the effect has a different 
impact On the filtratIOn ofBSA than It has On LYZ filtratIOn. BSA (-3.45 mn) has a 
Stokes radIUS almost twice the size ofLYZ (-1.83 nm) (refer to Section 5.2 I). Hence, 
purely On a size baSIS, more of the BSA is expected to be rejected by the 50 kDa 
membrane. Moreover, the majority of the BSA molecules were expected to be retained 
as they are also expected to be larger than most membrane pores. 
At a hIgh IOnic strength, the charge around the BSA molecules becomes shielded, 
allowing them to approach each other more closely and form a closely packed depOSIt at 
the membrane surface reSUlting m a hIgher surface COncentratIOn that ultimately leads to 
higher resistance to flow and higher rejection. It IS important to pomt out that when 
reference is made to a deposit or secondary layer this is not referring to a 'cake' or 'gel 
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layer'. Gel layer formation at the membrane surface IS a phenomenon which only occurs 
at very high applied pressures andlor high feed concentratIOns Thus, In thIs work, when 
a deposit at the membrane surface is referred to It is meant to describe the existence of a 
more concentrated region of solutes at the membrane surface which causes increased 
back-diffusion and provides a noticeable bamer to solvent (water) transport. 
In the case of L YZ, although the charge around the protein becomes shIelded In the 
same manner as BSA, the solutes are small In relation to the average membrane pore. 
BSA and LYZ have dIameters of 6 9 and 3.66 nm, respecttvely, based on thelf Stokes 
radii. Using the pore flow models shown in Figure 5.10 it can be seen that the pore sizes 
for a 50 kDa membrane range from approxImately 4 to 16 nm demonstrating that the 
majonty of pores are actually larger than the protein solutes. Moreover, although the 
charge-shieldIng theoretically enables L YZ solutes to become more closely packed, 
thelf effective sIze IS now even smaller so that It is easier for them to transmIt through 
the membrane. Although the L YZ molecules now have the abihty to move closer 
together, they are unhkely to form a deposit on the membrane because they are 
sufficiently small to transmIt eaSIly. This concurs with the calculation shown ID 
Section 6.4.10 which demonstrates that, at the same concentratton, BSA molecules are 
ID fact already slightly closer to each other than L YZ molecules are. 
The above reasomng is also illustrated schematically for the low and high ionic strength 
case at an example pH of 7 O. FIgure 6.14 helps to illustrate why more of BSA is 
rejected at a hIgher ionic strength but more L YZ is transmitted at a higher ionic strength 
compared to a lower one. 
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Figure 6.14. Illustration of ionic strength effects on BSA .nd L YZ mtr.tion. 
At low iomc strengths protem-protem interactions also seem to contnbute more to the 
lower rejection than would be expected on a molecular size basIs (MiIIesime et aI., 
1995). 
6.4.6 Influence of pH 
The filtration results obtamed with both the SC and CF apparatus show that, for the 
given experimental condItions, pH had less of an effect than lomc strength At its pI, 
BSA carnes a net neutral charge and is therefore expected to be more compact In 
essence, a solute at ItS pI will have simtlar characteristtcs as if the ionic strength is hIgh, 
because of the absence of sigmficant charge. Hence, It IS not surpnsing that penneate 
flux was lowest at the pI of BSA for both SC and CF fiitralton. Li et al (2005) made a 
similar observation during CF filtration of BSA at the same concentralton as used here, 
but WIth an apphed pressure of 140 kPa usmg a 35 kDa polysulphone membrane. They 
also observed a lower penneate flux at pH 4.9 compared to pH 6.9, whIch they 
attnbuted to a more compact deposIt on the membrane surface. Fane et al. (l983a) 
argued that protem molecules are most compact at their pI, therefore this would lead to 
the fonnation of a deposit layer whIch is least penneable A plot of BSA flux versus 
filtration tIme shown for the CF apparatus (FIgure 6 15) mdeed shows a lower flux at 
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the protein pI and it can be seen that the most drastic flux decline occurs within the 
InItial 20 to 30 mmutes. The lower flux rate for BSA at pH 4.9 is likely due to solute 
aggregatIOn compared to the negative charge case at pH 6 9 where solute-solute 
repulsion effects are present. 
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Figure 6.15. Flux ofBSA crossflow filtration at 20 mM ionic strength and two pH values. 
A recent study of BSA filtratIOn through charged MF membranes at varying pH 
revealed that pH only had an mfluence on permeate flux over approximately the first 
two hours of filtration, thereafter a steady permeate flux was reached, independent of 
the solutIOn pH (Ouammou et al , 2007). 
A MF study of BSA filtratIOn through ceramic membranes also showed the highest 
transmission of the protein at its pI and permeate flux was at its lowest at this pH (De la 
Casa et al., 2007). This is an agreement With the findings made for BSA at 20 mM IOnIC 
strength m this study. It is also of mterest to note that during particle filtration in MF 
contrasting observations have been made. Smidova et al. (2004) studied the mfluence of 
pH and ionic strength on model dispersions and found the particles to aggregate around 
the pI which did not result in a more compact layer, but to the contrary, m a filter cake 
with higher porosity through which permeate flux mcreased. 
Correspondmg data for BSA was plotted for SC filtratIOn. It IS Immediately seen from 
Figure 6 16 that the flux fluctuates more widely than in case of the CF apparatus. The 
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penneate flux, however, was again hIgher at the pH away from the pI, as expected That 
is, the proteins were able to aggregate at neutral pH whereas at the higher pH the greater 
Debye length prevented the solutes from becoming more closely packed. 
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Figure 6.16. Flux ofBSA stirred cell filtration at 20 mM ionic strength and two pH values. 
In tenns of rejection, however, the least amount of BSA protein was rejected at the pI 
(FIgure 6.9 and Figure 6 11). This would be expected beanng in mind that the pI also 
comcides WIth minimum viscosity, therefore promoting transmission. Saksena and 
Zydney (1994) also found BSA rejection to be lowest at the pI whIch they attributed to 
the absence of long-range electrostatic repulsIve forces thereby allowmg more 
molecules to accumulate at the surface and hence also transmit. Moreover, the effecttve 
protein SIze IS smaller at neutral net charge m comparison to ItS charged state further 
aiding the transmission ThIs IS a general observation which has been reported by a 
range of authors (Burns and Zydney, 1997; Gan, 2001; Howell et af, 1999; Sudareva et 
af, 1992; Van Eljndhoven et al, 1995). 
In summary, Figure 6 15 and Figure 6.16 support the theory of greater protein fouling at 
the pI due to a more hydrophobic, compact structure at that pH (Salgm et aI., 2006). 
Water flux measurements after the protem filtration experiments (without conducting 
membrane cleaning) showed that the mitial hydrauhc penneatton rate could not be 
restored suggesting that internal fouling may have occurred. Moreover, Matthiasson 
(1983) found protein adsorption to be at its maximum at the pI. It is therefore to be 
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expected to observe more foulmg at the pI compared to a pH environment in which 
electrostatic repulsive forces prevail. The extent of fouling can be estimated by use of 
the resistance-in-series-model (see also Section 3 1.2): 
J (6.12) 
For the given experiments, the resistance to mass transport is composed of the hydraulic 
resistance and the fouling resistance term. The hydraulic resistance of the membrane, 
Rm, was obtained from pure water flux data measured prior to the protein filtration 
experiments. The resistance due to fouhng, Rf, was obtained by re-measurmg the water 
flux after protelll filtration and then subtracting the hydraulic resistance from the result. 
Any cake resistance, Rc, was incorporated into the fouhng resistance term, because the 
fouling data were not severe suggestlllg that it is unhkely for a solute or gel layer to 
have formed, particularly under the given pressure conditions. Commonly, such layers 
only form when operatmg beyond the limiting pressure, i.e. at a pressure sufficiently 
high so that a further pressure increase does not result in flux improvement or when the 
feed concentratIon IS higher (at least 2% by weight or more) 
Table 6.4 Illustrates the magnitude of the resistance terms of interest for BSA filtration 
at the two IOnic strengths tested (20 and 100 mM), both with the CF and SC apparatus. 
For thiS protelll, the fouling resistance term was indeed highest m both CF and SC 
filtratIOn at the protein pI (at both ionic strengths). This also agrees with a recent MF 
study where a minimum flux for BSA was reported at ItS pI using two types of charged 
membranes. The reduced flux was attributed to a greater tendency to form aggregates 
which could result in coverage of the majority of the membrane pores (Ouammou et aI., 
2007). It was also mterestmg to note that fouhng decreased with an increase in pH, 
suggesting that increasing electrostatIC repulSIVe interactIons between the solute 
molecules also help to reduce membrane fouling. At the higher iomc strength, likely due 
to the charge-shieldmg effect, no trend, where fouhng reduces when pH increases away 
from the protein pI, was observed For both CF and SC, fouling was lowest at pH 70 
and higher agam at pH 8.4, suggestlllg that the dehberate change of pH to reduce 
fouling is not useful in high ionic strength environments. 
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Table 6.4. Influence of solution chemistry on BSA fouling of Nadir membranes. 
Apparatus Solution pH Hydraulic Fouling Hydraulic Fouling 
resistance, resistance, resistance, resistance, 
Rm (lOll m·l ) R,(lOIl m·l ) Rm (lOll m·') R,(IOII m·') 
(20 mM) (20 mM) (lOO mM) (lOO mM) 
CF 49 88 46 83 40 
CF 60 8.7 lA 83 22 
CF 7.0 8.5 0.8 8.5 1.9 
CF 84 9.2 06 86 3.2 
SC 49 11.0 49 12.0 4.9 
SC 6.0 110 1.8 110 2.2 
SC 70 110 1.2 12.0 19 
SC 804 11.0 0.8 11.0 29 
In the case of L YZ the pI is 11.0, hence the protein is posItively charged at all pH 
values, except at its pI. Table 6.5 demonstrates that in case of L YZ in both SC and CF 
filtratIon at 20 mM ionic strength, a trend for fouling to mcrease as the pH moves closer 
to the protem pI can be observed. It can therefore be concluded, if charges on the 
membrane are negligIble, m low Ionic strength environments It is best to choose a 
solutIOn pH away from the protem pI. In higher ionic strength environments fouling 
control via pH does not work well, because the charges around the protein are shielded 
This IS reflected m the more scattered fouhng resistance data at lOO mM iODIC strength 
and its apparent independence of pH for both SC and CF filtration. It IS also notIceable 
that the extent of fouling, at a high IODIC strength, was not necessanly highest at the 
protem pI 
It is also of interest to determme if fouling is generally higher at the higher iODIC 
strength, due to the charge-shielding effect. A comparison of the extent of fouling for 
BSA at the lower and higher IOnic strength mdeed demonstrates that fouling was higher 
at lOO mM iODIC strength, apart from the pI, where It was similar. However, if the same 
companson is conducted for L YZ fouling data the result is different. In case of L YZ, 
fouhng was mostly higher at the lower ionic strength, m agreement with the higher 
rejection which was observed at the lower ionic strength during L YZ filtration (Figure 
6 10 and Figure 6 12). 
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Table 6.S.lnfluence of solution chemistry on LYZ fouling of Nadir membranes. 
Apparatus Solution pH Hydraulic Fouling Hydraulic Fouling 
resistance, resistance, resistance, resistance, 
Rm (lOll m-I) RI(IO II m-I) Rm (lOll m-I) RI(lOIl m-I) 
(20 mM) (20 mM) (lOO mM) (lOO mM) 
CF 49 88 22 94 30 
CF 60 8_7 30 88 2.3 
CF 7.0 85 3.0 93 1.5 
CF 8.4 92 43 82 29 
CF 11.0 85 44 85 25 
SC 4.9 120 2.3 12.0 3.8 
SC 6.0 12.0 30 11.0 2.8 
se 70 120 33 11.0 20 
SC 84 120 45 120 46 
se 11.0 120 52 120 41 
This finding Illustrates the need to relate the membrane MWCO to the solute sIze before 
IOnic strength effects can be interpreted correctly and used in such a way as to reduce 
protein fouling. Earlier (Figure 6.14) a hypothesis was developed as to how ionic 
strength influences the rejection of L YZ and BSA, respectively. The fouling resIstance 
data obtained here are m agreement WIth this reasonmg. Smce BSA has a softer protein 
structure than LYZ (Section 4.2 I) one might expect BSA to cause more membrane 
fouling, because of ItS hIgher potenttal to adsorb at the membrane surface and in its 
pores. However, the properties of the membrane also have to be considered and contact 
angle data (Section 5.7.1) showed that the 50 kDa PES membranes used here are only 
moderately hydrophilic, hence L YZ fouling due to adsorption can still pose a problem 
as well. Since the fouling data shown in Table 6 4 and Table 6 5 represent the extent of 
fouling as a result of several factors a conclusion about greater fouling of one of the 
proteins due to adsorption cannot be drawn. 
6.4.7 Mass transfer correlations 
It is of great interest to compare the filtration results m terms of their mass transfer 
characteristics because, in UF, these directly impact on flux and rejectIOn The 
comparison of shear alone can only take account of momentum transfer effects With 
the mformation given in Chapter 3 the Schmldt number, Se (see Table 3 2), can be 
determmed and the rotahonal Reynolds number calculated (Section 62.1)_ Thereafter, 
the mass transfer coeffiCIent, km, apphcable to the se apparatus can be determined from 
equation (6.13), a form ofthe Sherwood, Sh, correlations (Mehta and Zydney, 2006): 
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(6.13) 
where r,e IS the cell radius and D the dIffusion coefficient. The mass transfer coefficient, 
km, IS a function of device hydrodynamics including shear rate and module geometry 
and also solutton properties such as VISCOSIty and the diffusion coefficient (Zydney and 
Kuriyel, 2000). The mass transfer coefficIents obtamed for L YZ and BSA at dIfferent 
impeller rotations are tabulated in Table 6 6 with the frequency relevant to this work 
shown in ltahcs. 
Table 6.6. Mass transfer coefficients for BSA and LYZ at dIfferent frequencies in the SC. 
Frequency Mass transfer coefficient Mass transfer coefficient 
(rpm) (BSA), km (10" m/s) (L YZ), km (10" m1s) 
100 2.31 3.24 
300 4.31 604 
500 5.76 807 
1000 854 120 
1500 107 150 
2000 1.26 1.77 
2300 1.37 1.92 
2400' 140 1.96 
2500 144 201 
*Values shown 10 ltabcs were used 10 the calculatIOns of thiS thesIs 
In order to detenrune the mass transfer coefficients for the two proteins in the crossflow 
apparatus correlattons are avaIlable whIch are dependent on the flow regime. In 
Sectton 6 4.1 It was demonstrated that the flow regime in the CF apparatus under the 
conditions employed was laminar. For such cIrcumstances the Graetz-Leveque 
relatIonshIp originatmg from convectIve heat transfer under lammar flow condItions 
provides a correlatIOn to determine km (Blatt et al., 1970; Porter, 1990; Rushton et ai, 
1996) of which the general form is 
(6.14) 
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where Yms is the fluid shear rate at the membrane surface and Le the channel length over 
the membrane. The fluid shear rate for a rectangular channel can be obtained from: 
(6.15) 
where u is the crossflow velocity and b the channel height. The resultmg mass transfer 
coefficients for both BSA and L YZ for crossflow velocItIes rangmg from 0.4 to 0.45 
m/s are tabulated m Table 6.7. 
Table 6.7. Mass transfer coefficients for BSA and L YZ at different CF velocities 
in the CF apparatus. 
Crossflow velocity Mass transfer coefficient Mass transfer coefficient 
(m/s) (BSA), km (10" m/s) (L YZ), km (10" m1s) 
04 4.31 601 
0.41 4.35 606 
042 4.39 611 
043 4.42 616 
044 445 621 
045 449 625 
It must be stressed that the comparison of the mass transfer coefficients for these two 
systems must be done cautIously, because strictly speaking equatIon (6.14) is based on 
UF systems where there was a genume gel layer present at the membrane surface which 
is not the case under the chosen experimental conditions. 
Comparing the mass transfer coefficients between BSA and L YZ demonstrates that 
mass transfer is generally higher for smaller molecules. The data shown m Table 6 6 
and Table 6 7 help to interpret the filtratIOn results and can explain the limitations of the 
shear companson model employed. Smce the mass transfer coefficient can be expressed 
as a ratio of the dIffusion coefficient and the boundary layer any existmg dIfferences m 
the boundary layer between the two systems wdl be apparent at experimental conditions 
where the diffuSIOn coefficients are equal. During both BSA and L YZ filtration the 
mass transfer coefficient was one order of magnitude higher during SC filtration This 
difference can be attributed to the variation in the concentration boundary layer 
thicklless for both systems The results suggest that the greater turbulence in the SC 
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allowed for the mass transfer coefficient to be greater. With the mformation obtamed, it 
will be possible to estimate under what conditions the mass transfer coefficients and 
thus the concentration boundary layer can be kept the same which may be of great use 
in future comparative work. Under the present conditIons a stirrer speed of 
approximately 300 rpm would allow one to match the mass transfer coefficients in both 
systems. However, it must be stressed that matching mass transfer coefficients for the 
two systems would result in differing shear stresses in the two systems. In other words, 
at least for the present expenmental apparatus, one of the two parameters can be 
matched, but not both. Moreover, it must be emphasised that the mass transfer 
coefficient IS under the influence of several factors includIng the boundary layer 
thickness and the diffusion coefficient which in turn is mfluenced by ionic strength, 
solution pH and temperature. 
Accordmg to Table 6.6 and Table 6.7 concentration polansation effects are likely to be 
higher during CF filtration because of the lower mass transfer coefficient obtained 
compared to the SC filtration. This is confirmed in the succeeding section by calculating 
the true rejectIOn coefficient by use ofthe film model. 
6.4.8 True rejection coefficient 
The true rejection of the membrane (see also Chapter 3) takes into account the 
concentration at the membrane surface, CM, and can demonstrate the presence of a 
concentration boundary layer at the membrane surface. The true rejection can be 
calculated by rearranging equatIOn (3 11) to give (see Appendix C, part b): 
R" 
(6.\6) 
where R" is the true rejection coefficient, Ro the observed rejectIOn coefficient and Js the 
solute flux. The true rejection coefficients were calculated at 25 kPa TMP and reported 
in Table 6.8 alongside the observed rejection coefficients for BSA and L YZ for both SC 
and CF filtration As anticipated from the previous remarks concemmg the mass 
transfer coefficient the true rejection was always higher in the case ofCF filtration. This 
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Implies that concentration polarisation effects were more pronounced in the CF 
apparatus 
Table 6.8. Membrane observed and true rejection for conventional 50 kDa 
Nadir membranes (20 mM). 
Filtration pH Observed True Observed True 
apparatus rejection, Ro rejection, rejection, Ro rejection, 
(-) R,,(-) (-) R,,(-) 
RSA RSA LYZ LYZ 
SC 110 0 0 031 050 
SC 8.4 076 095 032 0.53 
SC 70 071 0.92 034 057 
SC 60 0.70 092 036 058 
SC 4.9 0.70 090 048 069 
CF 110 N/A N/A 008 0.79 
CF 84 0.93 100 009 081 
CF 7.0 0.91 100 010 084 
CF 6.0 089 100 011 083 
CF 4.9 0.84 100 021 089 
The data in Table 68 IS presented for a fixed mass transfer coefficient based on the 
diffusion coefficients for BSA and L YZ, respectively (for the lower ionic strength case, 
20 mM). The impact of the ionic strength on the diffusion coefficient should ideally be 
accounted for A proposed method to do so is given in Section 6 4 9. 
6.4.9 Ionic strength impact on mass transfer and true rejection coefficient 
Instead ofusmg a correlation to determine the diffusion coefficient of a typical proteIn 
based on ItS molecular weight the Stokes-EinsteIn equation can be used to evaluate the 
diffusion coefficient (Mochizuki and Zydney, 1992): 
D = kBT 
6;r/ll", 
(6.17) 
where k8 is the Boltzmann constant, T the temperature, fl the viSCOSity and rs the solute 
radIUs. It is now possible to Include the Debye length Into this equatIon by adding It 
onto the solute radIUs. Thereby, It is possible to account for the difference the IOnic 
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strength magnitude will make to the diffusIOn coefficient and thercfore the mass transfer 
coefficient. The calculated mass transfer coefficients were then used in equatIOn (6.16) 
to determine the influence of IOnic strength on the true rejectIon coefficient for which 
the results are shown in Table 6.9 and Table 6 10. 
Table 6.9. Ionic strength influence on true rejection of 50 kDa Nadir membranes (20 mM). 
Filtration pH Observed True Observed Trne 
apparatus rejection, R. rejection, rejection, R. rejection, 
(-) R,,(-) (-) R,,(-) 
BSA BSA LYZ LYZ 
SC 11.0 0 000 0.31 059 
SC 8.4 0.76 097 032 0.64 
SC 70 071 0.95 0.34 068 
SC 60 070 095 036 068 
SC 4.9 070 0.94 048 0.77 
CF HO N/A N/A 008 096 
CF 8.4 093 100 009 0.96 
CF 70 091 100 0.10 097 
CF 6.0 089 100 OH 0.97 
CF 4.9 084 1.00 021 098 
Firstly, when companng these results to the 20 mM ionic strength case (where the 
diffusion coefficient was determined without taking into account the iODIC strength, see 
Table 6.8), It can be seen that the true rejectIOn coefficient was very similar for the 
stirred cell system (a slIghtly higher true rejectIon was calculated when Ionic strength 
was considered) and the true rejection was 100% in both cases for the CF apparatus. 
When the 20 mM and 100 mM ionic strength impact on the true rejection coefficient are 
compared for the BSA case, it can be seen that, again, there IS no difference for the CF 
case. This ImplIes that due to the lower mass transfer coefficient in the CF system there 
was a considerable amount of concentration polarisatIOn present during BSA filtratIOn. 
It is also interesting to see that at pH 4.9 the true rejectIOn was higher at the higher ionic 
strength implymg that BSA aggregatIOn occurs due to the charge-shieldmg effect. 
Looking at the L YZ data In Table 6 8 and Table 6.9 demonstrates that taking into 
account the ionic strength also leads to a larger true rejection coefficient This IS of 
relevance because the simpler approach which Ignores the ionic strength effect would 
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underestimate the total sIze of the protein and therefore its rejection and mteractlOn 
characteristics. 
Table 6.10. Ionic strength influence on true rejection of 50 kDa Nadir membranes (100 mM). 
Filtration pH Observed Trne Observed True 
apparatus rejection, R. rejection, rejection, R. rejection, 
(-) R,,(-) (-) R,,(-) 
BSA BSA LYZ LYZ 
SC llO 0 0.00 026 0.51 
SC 84 084 0.97 023 0.50 
SC 70 092 098 024 054 
SC 60 087 097 023 052 
SC 49 092 0.98 032 061 
CF 11.0 N/A N/A 005 089 
CF 84 099 100 006 093 
CF 70 0.93 100 007 094 
CF 60 091 100 008 091 
CF 49 094 1.00 016 093 
It is also mteresting to note that, although the observed rejection was low during CF 
filtration of LYZ, the true rejection coefficIent is actually considerably high which is 
agam due to the lower mass transfer coefficIent obtained in the CF system implying 
concentration polansatlon effects. It can also be seen from Table 6 9 and Table 6.1 0 that 
during CF filtration L YZ rejection was actually higher at the lower lomc strength. As 
mentioned before, this is because L YZ WIll have a larger hydrodynamic dIameter m Its 
hydrated state at a low ionic strength, whereas ItS effective sIze will be smaller at the 
hIgher iomc strength When companng the L YZ data for both CF and SC filtratIOn and 
also referring back to FIgure 6.10 and FIgure 6.12, it becomes clear that the 
transmission is actually hIgher in the CF system due to hIgher concentration polansation 
whIch allows more solutes to be near the membrane surface and transmIt. ThIs is, of 
course, dIfferent for BSA where the solutes are mostly larger than the average 
membrane pores and therefore the mcreased concentratIOn polansation does not aId the 
transmission and rather promotes solute aggregation and back diffusion. 
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6.4.10 Protein chemistry 
There are certain properties of proteins which can be strongly affected by the solutIOn 
environment, hence a bnef discussion of their important properties is provided here. 
Proteins are biological macromolecules consisting of chains of amino aCids linked 
together to form a bIOpolymer. They have a complex structure where their globular 
shape is fonned due to three-dimensional arrangement of secondary structure elements 
whtlst the primary structure contains the sequence of amino acids m the polypeptide 
chain (Cooper, 2004). In addition, tertiary and quaternary structures contnbute to the 
globular shape of a protein. ThiS is important because pure protem samples usually 
contain proteins in a folded condition (specific arrangement of tertiary and quaternary 
structure). Folded proteins are considered unstable and can denature, i e. unfold without 
difficulty thereby looslng their tertiary and quaternary structure and most Importantly 
tend to become stickier. In other words, in the denatured state, which may be caused by 
a change in temperature or pH, the unfolded proteins tend to either aggregate or stick to 
surfaces (Cooper, 2004). Hence, adsorption of proteins may Increase if a protein has 
denatured dunng the filtratIOn process and as a result of the unfoldmg the protein Will 
also change its shape. It has been demonstrated that protein adsorption can play a 
critical role in UF and moreover solution pH and ionic strength were also shown to 
influence the degree of adsorption (Fane et al , 1983b) 
In Table 6.11 useful Information about protein solutIOns with a feed concentration of 
0.5 gIL and a feed volume of 50 mL is provided. This includes the total number of 
molecules in the feed for a given protein, the average distance between the molecules In 
solution, the surface area of each protein and the total area occupied by the proteins in 
solution. Such data can be of use when conSidering charge interactIOns and fouhng 
effects 
Table 6.11. Molecular protein data. 
Protein Total no. of Average distance Surface area of Surface area of all 
molecules in feed between a siugle protein proteins in solution 
molecules (nm2 ) (nm2 ) 
(nm} 
BSA 227xlO17 13 154 35xlO" 
LYZ L02xlOl8 8 45 465xlOl9 
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The number of molecules in the feed is obtamed by dividing the feed mass by the 
molecular mass of the protein and mUltJplying with Avogadro's number 
(6022xlif3 morl). Subsequently, dividing the feed concentration by the number of 
molecules in the feed and taking the cube root provides an estimate of the average 
distance between proteins assuming each protein occupies approximately the volume of 
a cube. The surface area of a protein can be estJmated by assuming a spherical protein 
shape. It can be deduced from Table 6.11 that BSA molecules occupy a larger volume 
than L YZ molecules. BSA molecules are also further spaced out than L YZ molecules as 
shown m Table 6.11. BSA molecules (-7.0 nm diameter) are, on average, 13 nm apart 
and LYZ molecules (-3.7 nm diameter) are 8 nm apart It IS also noticeable that the 
surface area of BSA is 3 times larger than that of L YZ, although the Stokes radius of 
BSA is only twice that of LYZ. Thus, charge mteractions may be expected to be more 
prominent with BSA compared to LYZ (as prevIOusly indicated in Figure 6.1). 
However, the number of molecules m solution is larger for L YZ than for BSA, thus the 
L YZ solution has actually more surface area available. 
6.4.11 Relating MWCO and protein rejection 
To an extent, it IS possible to relate the MWCO data of dextrans of a given sIze to that 
of protems of a SImilar size (as indicated m Section 5 2). However, as has been 
mentJoned on several occasions in this thesis, such a correlation can only be made if a 
comparison is made purely on a size basIs and other effects such as the solution 
enVIronment condItions are neglected. In Section 5.2 it was shown that BSA, with a 
Stokes radius of 3.45 nm closely corresponds to a 25 kDa dextran and L YZ, with a 
Stokes radius of 1.83 nm is more closely related to a 5 kDa dextran. WIth this 
mformation, purely on a size basis, MWCO data can be used to estimate the expected 
rejectIOn for a given protein For this purpose Figure 5.4 IS re-plotted as FIgure 6.17: 
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Figure 6.17. MWCO comparison between SC and CF of an unmodified 50 kD. Nadir membrane. 
On a MWCO basis, a 25 kDa dextran is expected to be approximately 70% rejected 
when the SC is used and even less when the CF apparatus is used A 5 kDa dextran is 
expected to be about 30% rejected With the SC and about 10% rejected with the CF 
(This is also in agreement with the pore size estimate m relatIOn to the solute size shown 
in Figure 5.10) In addition, If this infonnation is compared to actual protem rejection 
data tabulated in Table 63 it can be seen that the rejectIOn expected from MWCO data 
corresponds closely to the actual rejection in the case of BSA for SC filtratIOn, and in 
the case of L YZ for both SC and CF filtratIOn. However, in the case of CF filtration of 
BSA, the protem should only be rejected about 50%, but the observed rejection is m fact 
90% or higher. One possible cause for this occurrence may be the presence of high 
shear rates in this crossflow application which can result in aggregation of protems near 
the membrane surface (Chen et aI" 2007) Moreover, it has been demonstrated earlier 
that concentration polarisation was, in fact, higher in the CF apparatus due to lower 
mass transfer explaming why the rejection was so high. 
The different effects that MWCO was seen to have on protein filtration, depending on 
the solute size and apparatus used, indicates that care must be taken in how MWCO 
data are employed to predict protem rejection Firstly, a noticeable difference is seen 
between SC and CF filtration This demonstrates that a SUItable choice of membrane 
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MWCO IS lIkely to be different for SC and CF applications. This is important as it 
suggests that the use of SC data from laboratory expenments as a basis for selection in 
CF applicatIOns is inappropriate. Secondly, the definition of the MWCO and ItS merit in 
choosing an adequate membrane for a given application IS put into question. A MWCO 
of 50 kDa should result in 90% rejectIOn of a similar sized protein and thus in even 
greater rejection of a protein with a higher MW than the cut-off, such as BSA. ThIs 
definitIOn holds for CF ofBSA, where indeed rejection of the protem was between 90 to 
100%. This was the case because of concentration polansation. For all other filtration 
expenments a comparison of the Stokes radius and an equivalent sIze dextran would 
have provIded a better prediction of the observed rejection. 
6.4.12 Flux and rejection data for unmodified membranes at different TMP 
Filtration experiments were carried out with the SC at pH 4 9 and 8.4 (for BSA) and pH 
11.0 (for L YZ) at 50 kPa TMP m order to dIrectly compare corresponding experimental 
data from plasma-modIfied membranes (see Chapter 7). It IS also of interest to compare 
the corresponding results for unmodIfied membranes at 25 kPa wIth those obtained at 
50 kPa TMP. All these experiments were conducted at a fixed ionic strength of20 mM. 
The data in Figure 6.18 were obtained at 30 minutes filtration time. FIlled symbols 
represent filtration data at 50 kPa and 'open' symbols represent filtration data at 25 kPa. 
For LYZ, at ItS pI, flux was higher at the higher TMP. However, rejectIOn was not 
correspondmgly lower. LYZ rejectIon was hIgher at the hIgher TMP which may be 
attributable to membrane foulIng. 
The mfluence of the solution pH on the fouling resistance at 20 mM ionic strength and 
50 kDa TMP was tabulated usmg the resistance-m-senes model in Table 6 12 (see also 
Section 6.4 6) Indeed, a comparison of the fouling resistances reported in Table 6.5 and 
Table 6.12, respectively, show that LYZ foulmg was higher at the higher TMP. 
Although permeate flux may be higher as a result of an Increased applied pressure, 
protem rejectIon does not necessanly reduce and may, in fact, increase. 
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Figure 6.18. Comparison ofBSA and LYZ filtration at two dIfferent TMP usmg unmodified 
membranes. 
Protein 
BSA 
BSA 
LYZ 
Table 6.t2.lnfiuence of solution chemistry on the fouling resistance 
of unmodified membranes at SO kPa TMP. 
pH Buffer Hydraulic Fouling 
resistance, Rm resistance, RI 
(10" m·l ) (10" m·l ) 
49 Phosphate buffer 1.2 0.7 
84 Phosphate buffer 1.2 05 
110 Glycine buffer 12 12 
In the case of BSA, proteIn rejection was sunilar at 25 and 50 kPa at its pI which should 
also be reflected in the foulIng resIstance data. A companson between the values 
reported for BSA filtration at pH 4.9 (see Table 6.5 and Table 6.12) shows that the 
difference In foulIng resistance is relatively small. Again, as In the case of L YZ, 
permeate flux was hIgher at the higher TMP. At pH 8.4 the rejection of BSA was hIgher 
at the lower TMP suggestmg that the higher TMP causes more of the protein to 
transmit Permeate flux, however, was sImilar at both TMP and the flux rate was even 
slightly higher at the lower TMP. Such a reduction in flux at a hIgher TMP may be due 
to protein foulIng. The fouling resistance at 50 kPa was 48xlOll m-I compared to 
7.5x1010 m·1 at 25 kPa which supports thIS hypothesis. 
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6.4.13 Further discussion 
Accordmg to Salgm (2007), dunng protein filtration with PES membranes usmg a CF 
system, an increase m the iomc strength results m a lower membrane resistance and 
reduced fouling as a result of the suppression of charge effects. For the data presented 
here thiS was true for L YZ but not for BSA filtration. Moreover, in contrast to Salgin, 
Falbish et al. (1998) showed an increase m membrane resistance With an mcrease in the 
ionic strength in thelT study of colloidal suspensions. The findings of this thesIs suggest 
that it IS not pOSSible to generalise that a higher lomc strength Will result in either 
reduced or mcreased resistance to flow, because It will also depend on the solute to pore 
size ratIO and the mteraction of the solute with the membrane. In Section 5.2.2 an 
average pore size at 90% rejection was calculated for a 50 kDa membrane At 90% 
rejection, it gave a pore diameter of 1 I 7 nm (Ferry's model) and 107 nm (SHP model), 
respectively. Thus, It is possible to calculate a solute to pore size ratio at this rejection 
for BSA (6.9 nm) and L YZ (3 66 nm) as shown in Table 6 13 On thiS basis, at 90% 
rejection a smgle protein molecule is always smaller than the size of the corresponding 
pore. In SectIon 5 2.2, It was shown that for a 10 kDa membrane the pore diameter 
obtained at 90% solute rejectIOn is similar to the size of BSA so that the solute to pore 
size ratIo IS closer to 1. Generally, a ratIO closer to one should also result in higher 
rejection, although rejection IS also dependent on the magmtude of the feed 
concentration. 
Table 6.13. Solute to pore sIZe ratio at 90% rejection. 
Protein 
BSA 
LYZ 
Protein diameter 
(nm) 
69 
3.66 
• For detaIls on the pore models refer to SectIon 5 2 2 
Solute to pore 
size ratio 
(Ferry's model*) 
059 
0.31 
Solute to pore size 
ratio 
(SHP model*) 
064 
034 
Both Elimelech et al. (1994) and Costa and de Pinho (2005) studied the filtration of 
humic substances at different ionic strengths and in thelT studies the effect of pH was 
mostly negligible. However, it is of mterest to note that m this work, at least m the case 
of BSA filtration, flux tended to mcrease away from the protem pI at the lower Ionic 
strength. A UF study by KIm and Fane (1995) also showed higher permeate flux data at 
low ionic strength and away from the pI. At a pH above the pI of BSA the protem IS 
negatively charged and for charged proteins the solubility (their stability) mcreases 
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whereas the affinity for the membrane material decreases (Nystrom, 1989), hence 
supporting the findillg of an observed increase m rejection With an increase ill pH 
(FIgure 6.9 and Figure 6.1 I). 
It has been reported that pore blockillg (Le. more likely With the larger BSA) contributes 
more significantly to an increase in membrane resistance than pore narrowing (when 
solutes adsorb within the pore structure) (Belfort et al., 1994). However, such an effect 
could not be observed for the data obtained in this thesis where, ill fact, the membrane 
resistance was mostly higher for L YZ filtratIOn, irrespeclive of the filtration apparatus 
used This observation is also supported by the findings of other authors (Tarleton and 
Wakeman, 1993) who found smaller solutes to cause more membrane fouling than 
larger ones, resulting in an increased resistance to filtralion An increase ill resistance 
caused by the smallest solutes in solution was also found by Tarabara et al. (2004). 
These authors also stated that this type of fouling resulted in the most severe flux 
decline. 
Crossflow BSA filtration with a 50 kDa PES membrane (Figure 6.15) showed a 
substantial permeate flux decline within the Imlial 20 to 30 minutes whereas thereafter a 
steadier flux was reached. It is of interest to relate this finding to a study by Sal gin 
(2007) who filtered BSA with a 10 kDa PES membrane at different pH and ionic 
strength at 20 kPa. Her study showed a severe flux decline within the first 5 to 10 
mmutes and a steady flux thereafter. It has been shown that a higher TMP causes steady 
state flux to be established more rapidly, although that particular study was conducted 
for partICle systems (Tarleton and Wakeman, 1994). However, one might expect a 
steady-state flux to be established more quickly at the higher pressure (25 kPa) used ill 
the current work. Yet, thiS IS only true if the membrane MWCO used in the companson 
IS also the same. As mentIOned, Salgin employed a 10 kDa membrane whereas the 
current work was conducted with a 50 kDa membrane. The smaller MWCO membrane 
is likely to reject almost 100% of the albumin (as was also the case With the 10 kDa 
membrane used ill this study (Figure 6.7)) whereas the higher MWCO membrane wdl-
dependmg on the solulion pH - transmit a larger amount of BSA, explammg why It 
takes longer to form a solute layer at the membrane surface when the membrane cut-off 
is larger. 
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It was concluded by Nystr6m et al. (1998) that the addition of salt will promote the 
transmission of charged proteins for most solutions. However, this statement seems to 
be too slmplisttc If the solute to pore size ratio is not considered as well. The results 
presented here demonstrate that the ionic strength mcrease only promoted solute 
transmission if the solute sIze (in terms of MW) was sigmficantly smaller than the 
membrane cut-off. 
The higher flux rate mostly observed with CF filtration compared to SC filtration is 
probably attributable to the difference in hydrodynamics between the two systems. In 
CF, the liquid flow is parallel to the membrane surface, whereas in SC, liquid flow is 
downward towards the membrane and solute accumulation IS only reduced as a result of 
continuous stimng of the feed. Generally, hquid flow in parallel to the membrane 
surface, as in CF, IS considered to lead to less solute butld-up and hence reduced 
resistance at the membrane thereby YIelding hIgher permeate flux rates (Cheryan, 1998). 
Another posslblhty for this occurrence may be the resistance to flow provided by the 
base desigo below the membrane, as the SC base somewhat differs from the CF base, 
although they are both supported by a smter plate. 
As dIscussed, agglomeration or aggregatton of proteins is considered to be more 
promment when the charge on a molecule is low thereby allowing molecules to more 
closely approach each other. The formation of aggregates can, however, occur as a 
result of increased ionic strength. Contrary to this believe, Hlguchi et al. (2004) 
discovered, using flow cytometry, a technIque based on light scattering, that upon 
addition of NaCI the effecttve size of protem aggregates was actually reduced. Hence, 
care must be taken in drawing conclusions from Ionic strength data without also paying 
close attention to the experimental condItions employed. 
6.5 Conclusions 
The filtratton of BSA and L YZ at vanous pH and two lomc strengths was studIed usmg 
a 50 kDa unmodIfied PES membrane and, m some cases, also using dIfferent TMPs. 
Additional experiments were conducted using smaller MWCO 10 kDa PES membranes. 
These studies were carried out under SImilar condItions using a SC and CF apparatus. 
An approach was developed to incorporate shear simIlarity into such a comparison. It 
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was found that SC and CF filtrabon YIelded nobceably different results suggesting that 
care must be taken when scalmg laboratory data obtamed with an SC apparatus to CF 
applications, more widely used In industry. Generally, pH effects seemed to be less 
Influential usmg both apparatus, than sometimes reported in the lIterature. The reduced 
influence of pH observed in these studies may quite possIbly be due to the fact that the 
ongmal PES membrane carries very little charge, as evident from streaming potential 
measurcments. As expected, pH effects are more noticeable at lower ionic strength, 
because a high ionic strength results in charge-shielding thereby masking charge-
interactions between proteins. Ionic strength effects, although less pronounced with the 
CF apparatus, gave a more noticeable effect suggestIng that an appropriate choice of 
ionic strength can yield pre-determined filtration results. The less pronounced ionic 
strength effect seen dunng CF filtration was attributed to the lower mass transfer 
coefficIent whIch was evident compared to the SC filtration expenments. Moreover, 
ionic strength effects have to be consIdered in conjunctIOn with the solute to pore size 
ratio, because a solute much larger than the average membrane pore will be rejected to a 
greater extent at higher ionic strengths whereas a solute smaller than the average pore 
wIll be rejected less at higher ionic strengths. 
At the lower ionic strength, protein fouling data determined with the resistance-m-series 
model showed lower membrane fouling WIth the CF apparatus compared to the SC 
apparatus, at least at the lower iomc strength. At the hIgher lomc strength membrane 
fouling was simtlar for both devices. Despite the benefit of lower fouling dunng CF 
filtratIOn, concentration polansation effects were actually higher. This was evident from 
the lower mass transfer coefficlCnts which suggest that an increase In TMP would be 
reqUIred to increase the mass transfer rate in the CF apparatus. Alternatively, the 
channel length could be shortened but thIS would have the drawback of loosing a fully 
developed flow profile. 
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Chapter 7 - Filtration with Plasma-Modified Membranes 
In this chapter experimental work usmg plasma-modified membranes (produced in 
collaboratIOn with Wroclaw University of Technology, Poland) is discussed The results 
are further interpreted by application of filtration models. These membranes were 
charactensed in the same way as the unmodified membranes in order to highlight any 
differences between the two membranes (see Chapter 5). Specific expenments were 
conducted with proteIn solutions m order to determine the filtration performance of 
these membranes and to compare these with results from conventional, unmodified 
membranes. All experiments referred to in this chapter were conducted With Nadir 
polyethersulphone (PES) membranes. The plasma modification process employed to 
obtain the plasma-modified membranes discussed here was descnbed in Section 4.9. 
The necessary derivatIons to amve at some of the equations employed In this chapter 
are provided in Appendix C. 
7.1 Introduction 
The lIterature review (Chapter 2) clearly showed that whilst ultrafiltration (UF) is 
principally a size-based separation process, other effects, particularly those mfluencmg 
charge InteractIOn such as pH and ionic strength, can be of great importance. This has 
not only been demonstrated experimentally by other researchers but is also supported by 
theoretical work, for Instance, Bowen and Sharif (1998) concluded that electrostatic 
effects are very Important when developIng a model to quantify colloidal interaction 
effects on rejected particles larger than the pore size of the membrane. They also stated 
that the development of membranes of high surface potential should receive more 
attention. For these reasons, an attempt was made to study plasma-modified membranes 
with the intent to relate the membrane properties and their filtration performance to 
those of unmodified membranes. 
During imtial surface-modificatIOn studies MIIlipore membranes were found to be more 
prone to damage dunng plasma modification than Nadir membranes. In an attempt to 
modify Milhpore membranes without pre-washmg, the top layer of the membrane was 
found to be destroyed in that it started to peel away from the backing layer. In contrast, 
low-temperature plasma modification of Nadir membranes did not result in any viSible 
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damage to the membrane, regardless of any prior pretreatment. Due to theu apparent 
superior physical stabihty Nadir membranes were plasma-modified and used in the 
expenments demonstrated in this chapter. A pOSSible reason for the more 'stable' 
properties of the Nadir membranes may be their graduated support structure in 
comparison to the distinct fibrous backing layer of the Mtllipore membranes (see also 
SectIOn 5 6). 
The charactensation work of the plasma-modified membranes has demonstrated that 
these membranes became hydrophobic and the streammg potential data suggest that the 
membranes carry little charge. Due to the increase in hydrophobiclty an increase in 
foulmg might be expected for the plasma-modified membranes. It must also be noted 
that for the present membranes it was not possible to take streaming potential 
measurements along the surface which could reveal a slightly different charge data 
compared to the measurement through the pore It has been discussed at various 
occasions in this thesis that charge effects can be important m membrane filtration 
apphcations which warrants further study of this aspect. 
7_1.1 Electrophoretic mobility and effective charge 
Electrophoretic mobihty data for BSA and L YZ are readily available in the literature It 
can be used to obtain information on the number of effective charges on a protein 
molecule, Z, at different pH by usmg equation (7.1) (Boehme and Scheler, 2007)· 
(7.1) 
where /le/IS the electrophoretic mobility, ko the Boltzmann constant, T the temperature, 
e the elementary charge and D the protein diffuslVlty. Electrophoretic moblhty data for 
BSA was sourced from Boehme and Scheler (2007) and data for L YZ was sourced from 
Klm et at (2006). Electrophoretic mobihty and the number of effective charges on a 
protem molecule for the pH values of mterest are tabulated in Table 7 I. It can be 
observed that the number of protein charges is lowest at the pI, which IS expected. 
Moreover, the data proVides a reasonable estimate of the charge on the protein with pH. 
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Table 7.1. Electrophoretic mobihty and effective protein charges. 
pH BSA LYZ BSA LYZ 
8,(m'N.s) 8/(m'N.s) Z(-) Z(-) 
32 1 28xlO·g 54 
4.9 -686xI0'1O I.l Oxl 0" -03 28 
60 -944xI0" 1 05xI0" -40 27 
70 -I 63x10" 1 OOxlO" -68 25 
8.4 -1.96xlO·' 78IxI0" -82 20 
1I0 375xI0" 1.0 
7.2 Results and discussion 
The experimental results shown In this chapter are based on the expenmental matrix 
described In Section 4.124 FIltration experiments with bovine serum albumin (BSA) 
and lysozyme (L YZ) USIng plasma-modified membranes were conducted at a low IODIC 
strength (20 mM), because It IS of interest to demonstrate any potential charge effects 
(whIch would otherwise be masked at a higher Ionic strength). It was demonstrated In 
FIgure 6.13 that the Debye length is short at high IODIC strength which translates into the 
electrical double layer (EDL) extending only a short dIstance from the pore wall so that 
most of the pore remains electrically neutral. In contrast, at a low ionic strength a 
greater fraction of the pore area wIll be occupIed by the EDL makIng charge 
interactIons more prevalent (Saksena and Zydney, 1995) It IS known from the zeta 
potentIal and streamIng potentIal measurement results that limIted effects of charge are 
to be expected, nevertheless the experimental pH values were chosen in such a way as 
to maxImise any potential charge interactIon. The pH correspondmg to the protein 
Isoelectnc pomt (pI) was also tested. BSA was used for most experiments as It carnes a 
higher charge compared to LYZ (see Figure 6.1). 
For each experiment, an origInal 50 kDa cut-off membrane was eIther modIfied by 
plasma only (at 200 W for I minute) or modified by plasma followed by subsequent 
dippmg mto AA. In preliminary work, It was found that permeate flux WIth plasma-
modIfied membranes was substantIally lower than for unmodIfied 50 kDa membranes 
(see also SectIon 53 4) Therefore, all experiments WIth modIfied membranes were 
carried out at 50 kPa (0.5 bar(g» and a fixed concentration of 0.5 gIL. Duplicated 
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experiments with unmodified 50 kDa MWCO membranes at 50 kPa were already 
presented in Chapter 6. All expenments with the modified membranes were conducted 
usmg the stmed cell (SC) due to ease of operation and the lower concentration 
polarisatlon tendency as demonstrated in Chapter 6. 
7.2.1 Comparison of unmodified and plasma-modified membranes 
In this sectIOn flux and rejection data versus time are shown at pH 3.2, 4.9 and 8.4 for 
unmodified 50 kDa and plasma-modified 50 kDa membranes dipped into AA. Note also 
that penneate and rejection data are only shown from 20 minutes filtration time onwards 
because of the very low filtration rate obtained with the plasma-modified membranes. 
The data at pH 8 4 in Figure 7 I demonstrate that penneate flux for modified 
membranes has reduced dramatlcally. Rejection was also noticeably higher with the 
modified membrane compared to the unmodified ones. Although no streaming potentlal 
measurements could be taken at pH 8.4 (see Section 5.9.1), in general, the negative zeta 
potential on a membrane or a molecule tends to increase away from the pI so that it is 
reasonable to assume this is the case at pH 8.4 The streaming potentlal data showed 
that the membrane pI was around pH 4 and the pI of BSA IS around pH 5, thus, in the 
presence of any charge on the membrane surface, one Will expect charge repulsion 
between the membrane and the protein at pH 8.4. Certainly, one would expect solute-
solute repulsion thereby allowmg the BSA molecules to flow more freely than, for 
instance, at the protein pI. It is known from Figure 5.8 that the MWCO difference 
between an unmodified and a plasma-modified membrane dipped into AA was not 
vastly different. However, that said, in the range of 25 to 150 kDa the unmodified 
membrane showed a higher dextran rejectlon. 
In Figure 7.1 the solute rejection is higher for the plasma-modified membrane than for 
the unmodified membrane which therefore stands in contrast to the MWCO data (see 
Figure 5 8). The result suggests that, m fact, charge repulsion may have been 
responsible for the observed increased rejection in the case of the plasma-modified 
membrane. This is, however, not in agreement with Figure 5 34 which showed a higher 
charge denSity for the unmodified membrane compared to the modified membrane at 
pH 7. Hence, if it is assumed that this IS stIlI the case at pH 8.4 rejectIOn should be 
higher with the unmodified membrane. Therefore, a possible scenario explaming the 
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hIgher rejection WIth the plasma-modified membrane is due to membrane fouling. If 
membrane foulIng is indeed more pronounced In the case of the plasma-modIfied 
membrane this would also lead to an increase In rejection SInce the plasma-modified 
membrane is hydrophobic membrane foulIng is likely to be more of an issue than for the 
mIldly hydrophIlIc, unmodIfied membrane. A further discussion of this hypothesis is 
conducted in Section 7.23. 
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Figure 7.1. RSA (pH 8.4,20 mM) flux and rejection vs. time 
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If FIgure 7.1 is related to the SC filtratIon data obtained at 25 kPa (see FIgure 6 11) it IS 
observed that the rejectIOn is lower at the higher applied pressure. Generally, one would 
expect transmISSIOn to be higher at a hIgher transmembrane pressure (TMP) provided 
that fouling effects are not overly prevalent. 
Figure 7.2 shows BSA filtration at 50 kPa at the pI of this protein using unmodIfied and 
AA plasma-modIfied membranes Interestingly, the extent of rejection was very SImilar 
for both membranes being in agreement with rejectIon behaVIour In the absence of 
charge effects. At the pI, the protein carries a balanced charge and IS hence considered 
as neutral Thus, If the MWCO is comparable, no noticeable dIfference m rejection is 
expected between an unmodified and a plasma-modified membrane Permeate flux, 
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however, was agam much lower wIth the modified membrane suggestmg that factors 
such as the membrane hydrophobicity play a key role. 
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Figure 7.2. RSA (PH 4.9, 20 mM) nux and rejection vs. time 
(unmodified and AA-modified membranes). 
In FIgure 7 3 flux and rejection data versus time are shown for unmodIfied and AA-
modIfied 50 kDa Nadir membranes. The charge denSIty of the AA-modified membrane 
showed an increase at low pH (see FIgure 5.34). The posItive charge denSIty value 
suggests that at pH 3.2 the membrane WIll be mddly positIvely charged. Therefore, BSA 
filtratIon was conducted at thIS pH. Note that BSA mstead of L YZ was chosen, because 
the former has a higher charge density (Rezwan et at, 2005). The expenment was 
carned out with 0.5 gIL ofBSA prepared in a 20 mM sodIUm acetate buffer. 
191 
Chapter 7 - FIltratIOn WIth Plasma-ModIfied Membranes 
1100r-r=============~~======~==========~====='--T I~unmodlfied - flux -9-(AA)- flux -+-unmodlfied - rejection ___ (AA)- rejection I 
1000 
900 
800 
:c E 700 
:J 
.... 600 
" 
'" 500 
.!l 
~ 400 
u: 300 
200 
• • • • 1 i i i~-I~----~f 
~ ~ 
100 
OOt---~--~~==r===~===T==~~==~==~---+ 
o 10 20 30 40 50 
Time (mln) 
60 70 
Figure 7.3. RSA (pH 3.2,20 mM) flux and rejection vs. time 
(unmodified and AA-modified membranes). 
80 90 
100 
90 
80 
70 
~ 
60 ~ e... 
c 
50 0 ., 
u 
" 40 q;' It: 
30 
20 
10 
0 
At these conditIOns, streammg potential and zeta potential data indIcated that both the 
membrane and BSA carry a posItIve charge. However, at that pH a charge on the 
membrane could not be due to carboxylate groups (if present) as they would be 
undissoclated at this pH. Generally, for lIke charge, repulsion interaction effects can be 
antIcipated which should result in hIgher protem rejection. Indeed, rejection was 
noticeably higher with the modIfied membrane Permeate flux was again much lower 
for the modIfied membrane and it was lowest at this pH in comparison to the other pH 
values shldled WIth modIfied membranes. If charge repulsion between the BSA protein 
and the membrane dommates one would expect membrane fouling to be lower 
compared to a pH where such effects are not present According to Figure 6. I and data 
provided by Mukat et al. (\997) BSA WIll be electrostallcally repulsed by the 
membrane at pH 3.2. Moreover, the zeta potentIal increases away from the protem pI 
where the DLVO theory poshllates that the electrostatic repulsive interaction IS 
proportional to the square of the surface potenllal (the zeta potential of the protein) 
(Hiemenz, 1977). Hence, in theory, any repulsive charge mteractions between the 
membrane and the protein should be high under these conditions if the membrane 
surface carries a notable charge 
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Experiments were conducted using L YZ at Its pI m order to observe whether the AA-
modified membrane has a noticeable Impact on the retention behaviour of this smaller 
protein. Figure 7.4 shows that rejection IS higher for the AA-modified membrane 
compared to the unmodified 50 kDa membrane. Permeate flux was agam sigmficantly 
lower for the modified membrane. At pH 11.0 the protein is expected to he uncharged, 
thus it is likely that the difference m rejection between the unmodIfied and modified 
membrane was brought about on a size basis only. 
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Figure 7.4. LYZ (pH 11.0, 20 mM) flux and rejection vs. time 
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When companng the data obtained for BSA and L YZ at their respective pI it can be 
observed that in each case rejectIOn was higher WIth the plasma-modified membrane 
(compared to the unmodified membrane). There seemed to be more of a difference in 
rejection between the unmodified and plasma-modified membrane in the case of L YZ 
If this is related to FIgure 5 8, which was replotted as Figure 7.5 for easier referencing, 
it can be observed that the difference in cut-off at the relevant MW range was also 
higher m the case of LYZ. At the respecbve pI, L YZ flux was higher than BSA flux 
which can be due to the smaller molecule size of L YZ and pOSSIbly less foulmg in the 
case of L YZ transmiSSIOn. Figure 7.5 also shows that the MWCO data are in agreement 
WIth the reasomng that rejection of L YZ IS due to size only, I e. the plasma-modified 
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membrane showed a higher dextran rejection than the unmodified membrane in the 
relevant MW range In Figure 7.5 the dashed lines indicate the molecular weight (MW) 
of BSA and L YZ, respectively. In addition, the arrows shown indicate the MW which 
BSA and LYZ would correspond to purely on a globular size basis (usmg the Stokes 
radius approach as discussed in Section 5 2.1) 
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Figure 7.5. MWCO of unmodified and plasma-modified 50 kDa Nadir membranes. 
If this information is further put mto context, L YZ was rejected to a greater extent by 
the modified membrane. The MWCO data shows that regardless of usmg the protein 
MW (-14,7 kDa) or the corresponding molecular size determined from the Stokes 
radius (-6,1 kDa) as the decidmg factor, m either case, the MWCO rejection with the 
unmodified 50 kDa membrane was lower than that of the modified membrane (in the 
regIOn below a MW of25 kDa). 
7.2.2 Comparison of plasma-modified membranes 
At pH 8 4 BSA fiItratlOns were conducted using membranes modified by (i) plasma 
only and (it) plasma followed by AA dipping. Figure 7.6 shows that permeate flux is 
lower for AA modified membranes. It can also be observed that rejection was somewhat 
higher with the membrane modified by plasma only which is perhaps surprising given 
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that the permeate flux was also hIgher. However, If this result IS related to the MWCO 
data for both of these modIfied membranes (see FIgure 7.5) it can be seen that the 
membrane modified by plasma only showed a hIgher rejectIon in the relevant MW 
range. This is not only true if the protein MW (-66 kDa) is conSIdered but also if the 
Stokes radius ofBSA is used to determine the corresponding MW (-25 kDa) ofBSA. 
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Figure 7.6. BSA (PH 8.4, 20 mM) flux and rejection vs. time (modified and AA-modified). 
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When the modified and the AA-modIfied membrane data for filtrate flux are compared, 
the filtrate flux is lower for the latter. A pOSSIble explanatIon for this flux dIfference 
may be due to addItIonal chemIcal groups hkely to be present on the AA-modIfied 
membrane. Whilst the membrane characterisation data showed that the changes to the 
modified membranes were limited, X-ray photoelectron spectroscopy and streaming 
potential measurements dId show a change m the membrane charactenstIcs, so that any 
chemical groups formed as a result of the AA dipping could potentially stick out from 
the membrane surface or be loosely spread over the membrane surface as Illustrated in 
Figure 7.7. 
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groups 
Figure 7.7. Possible physical layout of plasma-modified membranes with AA dipping. 
Generally, it can be inferred from the plasma-modified membrane flux data that the 
resistance to flow has dramatically increased for the modified membrane but the 
selechve charactenstics of the membrane and those pores relevant to filtration have 
been largely unaffected by the surface-modlficahon. It can be hypothesised that as a 
result of the surface-modification closure of some of the smaller pores of the membrane 
occurred thereby reducing the area available for permeate flow However, solutes 
preferenhally transmit through the larger pores (Cleveland et al , 2002), thus rejection 
should not be greatly affected by such a change in the membrane structJrre, a flux 
reductIOn, however, would be expected. Moreover, it had been mentioned m Section 2 6 
that deSIrable characteristics such as increased hydrophllicity of plasma-modified 
membranes can detenorate With storage time. This is an area which would benefit from 
futJrre work. 
A desirable result of the plasma modification condlhons used for these expenments was 
that seemingly httle surface etching occurred, as eVident by the Similar MWCO data for 
unmodified and modified membranes (see Figure 7.5). In fact, the cut-off of the 
modified membranes at 90% rejection was slightly higher than that for the unmodified 
membranes suggesting that ablatIOn may have taken place resulting in enlargement of 
some of the pores. An mappropriate choice of plasma generating power and treatment 
lIme can affect the membrane pore size and as can be seen from the results for these 
modified membranes it was pOSSible to mostly retam the pore Size charactenshcs of the 
onginal 50 kDa membrane in terms of MWCO (a more or less similar rejection profile 
was obtained for the modified membranes) On that basis, the higher protein rejection 
observed with the plasma-modified membranes imphes that charge effects therefore, 
may have contrIbuted to protem captJrre The hydraulic resistance of the membrane, 
however, changed dramahcally as evident from the much reduced permeate flux (refer 
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to FIgure 7.6 and Section 72 3}. This occurrence may be explained as follows' The 
membrane was rendered more hydrophobIc rather than hydrophilic by the modification 
process as was demonstrated by contact angle measurements in SectIon 5.7.1. 
In order to ensure that the hydrophIlicity/hydrophobicity problem was not simply due to 
the choice of solvent an experiment was conducted in which the membrane was 
contacted with isopropanol alcohol (IPA). The idea was to help 'wet' the membrane and 
possibly obtaIn an improved filtration flux rate thereafter. As can be seen from Figure 
7.8 water flux and BSA protein flux (at pH 84 and 20 mM ionic strength) were 
measured after soaking the modified membrane in 0.5 M NaOH solution and ill 40% 
IPA solution. It can be seen that wetting the membrane wIth alcohol did not improve the 
subsequent water and protein flux. This also supports the contact angle measurement 
data (see Table 5.7) which suggested that the plasma-modified membranes became 
hydrophobic as a result of the modIfication. 
Zeta potential data obtained from streamIng potential measurements for unmodified and 
plasma-modified membranes showed that the plasma-modIfication caused a change in 
the zeta potential of the membrane (see Section 5.9). This stands in contrast to a study 
by Zhan et al. (2004) who did not observe a change in zeta potential between an 
unmodified, hydrophIlIc polysulphone membrane and an argon plasma-modIfied 
membrane They concluded that a change In surface charge can only be brought about 
by surface grafting of charged groups. In this work, Figure 5.33 demonstrated that argon 
plasma alone seemed to have an effect on the membrane charactenstics, although the 
change was very small. Additional dIpping into AA, in this case, dId not seem to be 
much different from the membrane modified by plasma only, although a small positive 
charge was seen towards pH 3 for the AA-modIfied membrane. 
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Figure 7.8. Water and protein flux for a plasma-modified membrane after pretreatment. 
The small difference between argon plasma-modification only and argon plasma-
modtficatlon followed by AA dipping IS hkely to be due to the short lifetime of the free 
radicals on the modified membrane surface. That IS, most probably the ttme delay 
between exposure to air of the plasma-modified membranes and the actual dipping into 
AA solution was hkely too great to show a more noticeable effect. 
7.2.3 Fouling resistance analysis 
The mfluence of solutIOn chemistry on the fouling resistance term of the membrane was 
quantified using the reslstance-in-senes model (equation (6.12)) as previously shown in 
Section 6.4 6 The relevant data for the range of plasma-modified membranes used in 
thIs chapter and modIfied III the same manner (200 W, 1 min, AA), but tested at 
different pH conditions (all 20 mM ionic strength) usmg the SC apparatus are shown in 
Table 7.2. In addition, resistance terms obtained With BSA at pH 8.4 for a plasma-
modified membrane not subjected to AA dipping are shown. 
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Table 7.2. Influence of solution chemistry OD the fouhng resistance of plasma-modified membranes. 
Membrane Solntion Buffer Hydraulic Fouling 
chemistry resistance, R", resistance, RJ (1013 m-I) (1013 m-I) 
modlfied+AA BSA,pH 8 4 Phosphate buffer 17 1.0 
modlfied+no AA BSA,pH8A Phosphate buffer 19 08 
modlfied+ AA BSA,pH49 Phosphate buffer 16 1.5 
modlfied+AA BSA,pH3.2 Acetate buffer 2.1 99 
modIfied+AA LYZ, pH 11 0 Glycme buffer 17 0.6 
The fouhng resIstance shown in Table 7.2 was exceptIonally hIgh at pH 3 2 which 
confirms the hypothesis that although BSA was posItively charged, the membrane 
charge was too small (refer to Figure 5.33 and Figure 5.34) and/or charge interactIon 
was prevented by the lack of dIssociatIon of the potential groups present on the 
membrane surface. Although the desired result was obtamed, i.e. protem rejectIon was 
highest at pH 3.2, It was unhkely to be due to charge repulsion effects which 
demonstrates that the earher hypotheSIs, where the higher rejection may be due to 
charge interactIons between the solute and the membrane whIch carry the same charge, 
does not hold. This IS because, if higher rejectIOn was purely due to charge repulsIOn 
effects then less fouhng and a better permeate flux than observed (see FIgure 7.3) would 
be expected The implication is that under the modIficatIon condItIons used, it was not 
possIble to obtam a large number of charge groups on the plasma-modified membrane 
surface. Thus, the hypothesis made earher that the high rate of fouling could be 
attnbutable to the hydrophobic propertIes of the membrane, as determined from contact 
angle measurements (see Table 5.7), IS appropriate. HydrophobIC surfaces are known to 
be more susceptIble to membrane fouhng than hydrophilic ones (Chan et ai, 2004; 
Teng et al.; 2006). Moreover, protein molecules were reported to unfold in the presence 
of hydrophobIC membranes thereby mcreasmg theIr tendency to foul (MarshaIl et ai, 
1993) 
Such a conclUSIon IS further supported by the experimental attempt to pre-wet the 
membrane usmg IPA whIch had been unsuccessful. Indeed, it was also noted m Section 
2 4 2 that even when the protein and membrane are of hke charge, as was theoretically 
the case in the experiment at pH 3.2, serious flux dechne can occur (Van der Meeren et 
al., 2004) It is also known from the dIscussion in SectIon 24.3 that solutes which do 
not aggregate (due to charge repulsion at low IOnic strengths) can cause slgmficant flux 
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decline due to pore blocking. This phenomenon poses an added risk for the plasma-
modIfied membranes studied here as their cut-off data show (see Figure 7.5) that - on a 
solute size basis only - a notable amount of BSA should be able to transmit through the 
membrane and thus potentIally result in membrane pore blocking. 
Moreover, a study by Arai and Norde (1990) Illustrated that adsorption of protein 
occurs on a hydrophobic surface IITespective of the protem charge, in contrast to 
hydrophilic surfaces were adsorptIon only occurs if the solute is electrostatically 
attracted. The magnitude of the fouling resistance shown in Table 7.2 is seen to decrease 
with increasing pH. If the contnbution of fouling due to adsorption is considered it has 
been reported by Ingham et al. (1980) that, as the pH decreases, protein adsorption 
tends to increase irrespective of the applied pressure, being in agreement with the data 
presented. 
7.3 Filtration modelling of charged membranes 
Accordmg to the streammg potentIal results (SectIon 5.9) the modIfied membranes used 
in the current study camed little charge. Nevertheless, It was attempted to use the 
experimentally obtamed rejection data to build a model whIch accounts for charge 
effects as this also allows one to estimate the impact of charge for these membranes and 
what the potential benefits, If any, would be for highly charged membranes. The baSIS 
of the model employed here is a combinatIOn of the model for a spherical collOid in a 
cyhndrical pore (Smith and Deen, 1980) , the film model (Blatt et ai, 1970) and model 
development work by the research group of Zydney (Burns and Zydney, 1999, Burns 
and Zydney, 2001; Mehta and Zydney, 2006; Shao and Zydney, 2004). 
Several assumptions were made m order to apply the model Including a constant liquid 
density and VISCOSIty and assuming those parameters to be equal to the pure solvent 
(Bowen and WIlhams, 2001; Hansen et aI., 1998). The dIffuSIOn coefficient of the 
solute is concentration dependent but a constant value was assumed for modelling 
purposes (Boulanouar et at , 1996). WhIlst the dIffuSIOn coefficient is also dependent on 
pH and IOnic strength It is not unreasonable to assume a constant value, because typical 
• macromolecular dIffusion coefficients are of the order of 10.11 m2/s so that a small 
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change in that value is not going to make a substantial dlffercnce to the overall model 
result. 
7.3.1 Modelling of rejection, pore size and charge 
In order to relate the electrostatic potential energy (which provides IDsight into the 
extent of charge effects) and expenmentally obtained rejection data, the true rejection of 
the membrane and a membrane pore size had to be calculated. To do so, the 
concentratton polarisation model (Section 3.1.3) and the two pore size models (SectIOn 
5.22) discussed previously, were employed. In section 6.4.8 It has been shown that 
equation (3.1 I) can be re-arranged to give: 
(72) 
where RIr IS the "true" rejection coefficient, Ro the observed rejectton coefficient and J, 
the solute flux. In the case of the plasma-modified membranes the observed and true 
rejectton coefficients were found to be nearly identical In contrast, for the unmodified 
membranes the true rejectton was always higher than the observed rejection (see Table 
7.3). 
Table 7.3. Surface concentration, observed and true rejection for 
unmodified and modified membranes. 
Membrane Protein pH Observed Trne Concentration at 
rejection, rejection, the membrane, 
R. R" CM 
H {-} (!!ILl 
Unmodified BSA 84 052 0.86 169 
Unmodified BSA 49 063 089 I 75 
Unmodified BSA 3.2 0.72 094 2.24 
Unmodified LYZ 11.0 038 063 0.84 
Modified, no AA BSA 84 082 084 0.56 
Modified, AA BSA 84 073 0.74 053 
Modified, AA BSA 49 067 069 053 
Modlfied,AA BSA 3.2 089 089 051 
Modified, AA LYZ 110 048 050 052 
The data suggest that in the case of the modified membranes concentration polarisation 
was hardly present. This is also reflected ID the low concentration values at the 
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membrane surface, CM, for the plasma-modified membranes. The reduced flux rate can 
therefore not be due to a polarisatIOn layer. Since water flux rates for modIfied 
membranes were also much lower than those for unmodified membranes and MWCO 
measurements of both types of membranes did not show a significant difference, the 
flux reduction must be due to other influences. Generally, lower overall flux rates wIll 
help to limit concentration polansation effects. A possible scenario IS that the membrane 
hydrophobicity reduces flux rates and addItionally also promotes foulIng. In order to 
substantiate thIS hypothesis an experiment was conducted using unmodIfied membranes 
dned over a 12h period followed by a subsequent water flux analysis (the PES 
membranes employed in this work are not to be dried so that their favourable wettIng 
properties can be maintained). However, for the purpose of modifYing the membrane 
surface it is unavoidable to dry the membranes (unless surface-modIfication is 
conducted in the presence of wettIng agents present on the membrane from the 
manufacturing process). It is of interest to see If the water flux of unmodified 
membranes actually deteriorates after drying as this would further support the theory 
that noticeably lower flux rates are obtained when the membrane is hydrophobIC. In 
Figure 7.9 water flux rates for 50 kDa Nadir membranes at 0 5 bar(g) TMP are shown 
for different condItions. 
I) Test 1-Membrane pretreated and wetted in the manner outline in SectIon 4.11 
(wettIng agent removed, membrane always kept wet thereafter) 
2) Test 2 - Membrane was dned for 12 h after ilie removal of any wettIng agents 
3) Test 3 - Membrane was dried for 12 h and also stored m 40% IPA prior to 
measuring the water flux. 
The findIngs from Figure 7 9 Illustrate that drymg a membrane alters the penneation 
properties. It IS evident that ilie water flux reduction IS substantial suggesting that the 
plasma-modIfied membranes may exhibit such low penneatIon rates not because of the 
modIficatIon process but because It was necessary to dry the membranes. 
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Figure 7.9. Water flux (or 50 kDa Nadir membranes under different storage conditions. 
Wetting the membranes with alcohol after drymg did only marginally improve the flux 
rate. This is an important findmg and suggests room for future work, for instance, a 
polymeric membrane could be sourced which can be modified Without reqUIring any 
pre-treatment steps. 
A UF model inc1udmg charge effects is of great interest because such a model would 
allow one to account for pH and ionic strength effects on filtration and potentially relate 
membrane charge to protein rejection. Hence, an attempt was made to develop a 
Simplified model which can account for such effects. From streaming potenttal data, the 
charge denSity of the membrane at a given pH can be determined (see Section 5.9.3). 
Moreover, to quantify the charge on proteins the rejection electrostatic interactton 
effects on the partttioning coeffiCient, {J, of a charged spherical solute in a cylindrical 
pore can be evaluated (Smith and Deen, 1980) 
{J = (1- A/ exp(- ~w. J 
k.T 
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where 2 is the ratIo of the solute radIUs to pore radIUs and LlW; the solvatIon energy 
barrier (Bowen and Welfoot, 2002) whIch IS sometimes also referred to as the energy of 
mteraction, \ifE(Pujar and Zydney, 1998). The energy of mteraction corresponds to the 
product of the dimenslOnless ion charge number, z" with the elementary charge, e, and 
the electrical potential, \ifo. According to Bums and Zydney (1999), at low to moderate 
permeate flux rates, It is reasonable to assume ~",(I-RIr) and thus possible to relate 
charge effects to solute rejection. It is noteworthy that (l-Al in equatIon (7.3) accounts 
for stenc exclusIOn within one solute radius of the pore wall whilst the exponential term 
accounts for the energy change due to the charged solute being placed inside the 
charged cylIndrical pore (Shao and Zydney, 2004) . The ratio of the solute radIUs to 
pore radius 2 = rslrp can be found using the Stokes-Einstein equation mtroduced in 
Section 6.4.9 and solvmg for the solute radius, rs (Mochizuki and Zydney, 1992): 
k.T 
r=--
s 67rp/J 
(7.4) 
The dIffusIVIty coefficient was evaluated using Young's equation (3.12) as 
demonstrated m Section 3 1 3. In order to evaluate the pore radIUs, rp, both Ferry's and 
the Steric hindrance pore (SHP) model (described in Section S 2 2) were employed. The 
pore radIi obtained from the two models are similar but Ferry's model tends to give a 
slightly larger pore size. The protem solute radii evaluated with equation (7.4) gave a 
Stokes radius for BSA of 3.S6 nm and a Stokes radius for L YZ of 2.1S nm which are 
both slIghtly larger than those reported in the literature. However, since proteins are 
known to be larger in their hydrated state in aqueous solution it seems reasonable to 
conduct the modellIng with the larger, calculated radii 
The dimenslOnless electrostatic energy of interaction term, E" is the exponential term in 
equation (7.3): 
E = _ tJ.W, 
i k T 
• 
(7.S) 
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Low values of E, indIcate limIted charge interaction between proteins and also the 
membrane, whereas hIgher values imply more significant interaction. E, can be 
determmed by rearranging equation (7.3) and replacing ~with (l-Rtr) to give: 
E, = 1n(1- Rtr )-In(I- 2)' (7.6) 
The model equations were solved using Excel spreadsheets and the pore radIi were 
calculated usmg Maple 10.0. For easier assimilation of the modellIng procedure a block 
diagram iIIustratmg the mam steps taken to amve at a solution for the dimensIOnless 
electrostatIc energy of interaction IS shown in Figure 7.10. 
"-. 
I7lOr~cuJar 
weig/# ------
! 
: , 
ScFumdtHlmlbc 
Figure 7.10. Block diagram ofthe main input and output data for the charge model. 
The model was applIed to averaged rejectIon and pore radIi values for the results shown 
in Section 7 2.1. The different pore models gave very simIlar results, hence FIgure 7.11 
only shows the results for Ferry's model. For completeness, the SHP model results were 
mcluded m AppendIX F, part d. 
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Figure 7_11. Charge interaction and observed rejection versus pH (Ferry's model). 
Figure 7.11 shows the electrostatic mterachon tenn and the true reJechon coefficient 
versus the solution pH. A negative interaction indicates an attractive interachon between 
the membrane and the solute. The model suggests that such an interachon occurred in 
the case of BSA filtratIOn using the plasma-modIfied membranes and also for L YZ 
filtrahon at pH 11_0 usmg the unmodified membranes. It is particularly nohceable that 
more interaction took place dunng L YZ filtration wIth the plasma-modified compared 
to the unmodIfied membrane. The mteraction potenhal for BSA and L YZ, when using 
the plasma-modIfied membranes seems to be mdependent of the soluhon pH suggesting 
that charge effects were not significant. ThIs is in agreement with the Iow surface 
charge densIty data shown for plasma-modIfied membranes in Figure 5.34. Typically, If 
charge interactions due to attractive forces are prevallmg the electrostatic interaction 
tenn would be greater than -I (Bums and Zydney, 1999). During BSA filtration using 
the unmodIfied membranes the mteraetlOn potentIal was posItive indicating that both 
repulsive mteractions caused by electncal double layer dIstortIOns and interactions with 
the pore boundary were important, although these forces were not very strong smce the 
interaction tenn was not greater than I. It IS also nohceable that the mteractions were 
greatest at pH 3.2 where the protein is positively charged suggestmg that interactions at 
this pH were not due to repulSIve interachons but electrostahc and steric mteraetions 
between the charged protein and the pore boundary. The data presented IS a further 
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indication that the plasma-modified membranes carry little charge, which is also 
confirmed when the results are considered III context with permeate flux and fouling 
resistance data. In addition, at pH 3.2, where the electrostatic interaction potential was 
highest for the given experimental conditions, the surface charge density was stili 
relatively low (-8xlO·s C/m2). Typically, charged membranes have charge densities of 
the order of I to 3x10·3 C/m2 as reported by Rao and Zydney (2006). The surface charge 
density for a PES membrane, in particular, was reported as -5.0xlO·3 C/m2 by Pujar and 
Zydney (1994). The permeate flux was actually lowest at pH 3.2 (as evident from 
Figure 7.3) in comparison to BSA filtration at other pH values. In context with the 
fouling resistance data shown in Table 7.2, this suggests that membrane fouling was 
highest at this pH, which would not be expected if the filtration was governed by charge 
repulsion between the solute and the membrane. The model calculations suggest that 
any interactions were highest at low and high pH. Finally, the rejection data show that 
the tme rejection coefficient was higher when using the unmodified membranes, i e. 
concentration polarisation was lower when using the plasma-modified membranes. 
7.3.2 Further application of the model 
If the assumption to relate the true rejection coefficient to the solute partitioning 
coefficient is correct, it Will be possible to predict the expected rejection for a given 
membrane if the dimenslOnless electrostatic interaction energy term is known. It is thus 
of interest to 'reverse' the model uSlllg typical charge density values for charged 
membranes as quoted earlier. The membrane surface charge can be related to the 
dimenslOnless electrostatic energy of interaction by the following equatton: 
(7.7) 
where Z is the number of effecttve charges, am the membrane charge denSity, F the 
Faraday constant and I the iomc strength. In Table 7.1 typical numbers of effective 
charges for the proteins of interest at varymg pH were reported If a typical value for the 
membrane pore size, rp, IS assumed (e g. 6 nm III this example) for each case the 
electrostatic interaction term can be calculated if a typical surface charge density 
(-5xlO·3 C/m2) for charged PES membranes is used Equation (7.7) can then be related 
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to equation (7.6) in order to predIct the true rejection coefficient. This approach is 
illustrated in Table 7.4 for both BSA and LYZ using a range of pH values. 
Table 7.4. Prediction ofthe true rejection based on electrostatic interaction data. 
Protein pH Z E, r, R" 
BSA 3.2 5.4 2332 3.56 071 
BSA 49 -03 -0130 356 085 
BSA 8.4 -8.2 -3.541 3.56 0.99 
LYZ !l0 1.0 0432 2.15 037 
The data demonstrates that, as expected, the rejection for L YZ is lower than that for 
BSA because of the lower solute size of L YZ. The rejection of BSA is highest when the 
membrane and protein are of like charge and fairly high at the pI of the protein At pH 
8.4 where the protein and the membrane are both negatively charged the rejecnon was 
found to be essentially complete demonstrating the potennal merit to be gamed from a 
highly charged membrane. Whilst the model is not expected to accurately reflect the 
rejectIOn, as It does not account for fouling and other important effects, It provides a 
useful mittal estimate of what the expected rejection behaviour for a membrane with a 
given charge might be. 
7.3.3 Further discussion of results 
It is immediately obvious that water flux and protein flux data obtained WIth the 
plasma-modIfied membranes used in this research were substantially lower than the 
fluxes obtained WIth urunodified membranes. The MWCO data (Figure 7.5) show that 
the membrane cut-off did become smaller, i e. rejection increased, in the lower MW 
regIOn below 25 kDa and particularly below 10 kDa. One may therefore conclude that 
the plasma modIfication process causes some of the pores to become blocked and/or 
increases theu resistance to solvent transfer In the larger MW region, the data suggest 
that the majonty of the pores largely retained their original size. If one regards a 
selection of small pores as A, and a selection of large pores as B, it IS possIble that the 
application of plasma causes pores A to be blocked hence limiting solvent flow to a 
smaller number of larger pores B. The larger pores are sttll avaIlable for solute-solvent 
transport and are suffiCIently large to permIt the transmiSSIOn of a protein such as BSA. 
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When permeate flux IS low, rejectIOn IS not necessarily high because at low flux rates 
fouling effects are typically reduced. Moreover, concentration polansation is generally 
less of a problem so that the concentration in the bulk should correspond closely to the 
concentratIOn at the membrane surface, i.e. Ro = Rtr, which was indeed found (refer to 
Table 7.3). Permeate flux may be low for various reasons, for instance, if the pore size 
is small, if the active layer is thick or protein fouling is high. Low permeate flux due to 
a thick active layer, for mstance, was reported by Schlpolowski et al. (2006). 
Figure 7.11 demonstrated that whilst the type of electrostatic interaction observed for 
unmodified and modIfied membranes was different, the maguitude of their respective 
interaction was not actually that great. The surface charge densIty data for the 
membrane pores showed that (except at pH 3.2) the difference in charge density 
between the unmodified and modIfied membrane was not very large. In such cases any 
contnbution from dIrect charge-charge repulsion between the protein and the membrane 
IS relatively unimportant (Van Eljndhoven et ai, 1995). 
7.4 Conclusions 
In this chapter filtration data obtained with unmodified and plasma-modIfied 
membranes were reported. Plasma-modified membranes (with and without AA dipping) 
were found to exhIbit similar MWCO data to the original, unmodified 50 kDa 
membrane in the higher MW regIon but not in the lower MW region. Permeate flux was 
found to be greatly reduced as a result of the plasma-modification. While no definite 
conclusions can be drawn from these findings, some inferences can be made. A 
reductIOn in the number of smaller pores available for solute/solvent transport IS hkely 
due to a reductIon in size of the smaller pores An additional reason for the dramatic 
flux decline is most hkely the change of the membrane characteristIc from hydrophIlic 
to hydrophobIc as indIcated by contact angle measurements. Moreover, It has been 
demonstrated that drymg of the membranes has a dramatic effect on the flux rate also 
providmg an explanation for the reduced flux rates observed for plasma-modified 
membranes 
Protem rejectIOn was generally higher WIth the plasma-modIfied membranes compared 
to the unmodIfied ones, whIch is generally desirable. The highest rejectIOn was 
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observed at pH 3.2, although the charge potential of the membrane was hkely 
neghglble. This is supported by the fact that the membrane became hydrophobic and in 
the presence of carboxylic charge groups one would expect the membrane to become 
more hydrophilic thereby helpmg to reduce membrane fouhng, which was not the case. 
Plasma-modIficatIOn of membranes does provide a method which results in a change ID 
the membrane surface properties The changes under these conditions resulted in 
membrane propertIes where concentration polansatlOn could be reduced, but flux rates 
were very low, thus the use of these membranes is a trade off between increased 
rejection and low flux rates. Further work would benefit from sourcing membranes 
which can be modified directly from the manufacturing process. 
The stagnant film model applied in this chapter demonstrated that, unlike with 
unmodIfied membranes, the observed and true rejection coefficient were nearly 
identical, i.e. concentration polansatlOn was prevented with the modIfied membranes as 
a result of the low permeate flux rates. A further attempt to model the data obtained 
WIth unmodIfied and plasma-modified membranes allowed a relation between protein 
rejection and charge interactIOn data to be estabhshed. The model suggested that little 
charge was present on the plasma-modified membranes. A predIctive model was also 
provided to show the extent of interaction and true rejection that could be expected for a 
membrane carrying a significant surface charge. 
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Chapter 8 - Overall Conclusions and Recommendations 
In this chapter the mam conclusions for the thesis are drawn. The key findings from the 
study of Ionic strength and pH using two dIfferent membrane device configurations are 
summarised. Moreover, the main conclusIOns from the experiments with both 
unmodIfied and plasma-modIfied membranes are higblIgbted Suggestions are also 
made for possible future research, WhICh may prove of interest based on the results 
presented in this work. 
8.1 Conclusions 
The tOPICS and research dIscussed in this thesis demonstrate that to-date membrane 
fouling is still the key problem in ultrafiltration (UF) membrane processes. Whilst UF is 
a molecular size-based separation process, mounting eVIdence exists that various other 
parameters influence the separation at the colloidal size range including hydrodyoamics, 
pH and ionic strength. This thesis emphasises, whIlst it has been known for some time 
that pH and ionic strength can influence protein filtration in particular, their degree of 
influence is also dependent on the membrane properties. In this work, where membrane 
charge was subtle, It IS really the influence of ionic strength that is more dramatic than 
that of the pH. The influence of pH becomes more noticeable if the membrane used also 
cames a significant charge because solute-membrane electrostatic interactions become 
more prominent. Moreover, irrespective of any membrane charge, the influence of pH IS 
only noticeable at low IOnic strength because of the absence of charge-shieldmg. In 
context of the ionic strength it was also found that the effect it has will dIffer dependmg 
on the relationship between the solute size and the membrane pore. If the ionic strength 
is high and the solute much smaller than the average pore size, increased transmission 
will be observed. However, at a hIgb IOnIC strength m the presence of solutes which are 
of similar or larger size than the membrane pore the charge-shieldmg can lead to more 
solute aggregation thereby reducing the transmission rate even further. 
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It was also highlighted in this research that many laboratory studies are routinely carried 
out using stirred cell (SC) devices. In contrast, industnal applicatIons are mostly 
conducted using some form of a crossflow (CF) device. Therefore, a novel crossflow 
apparatus was designed In order to enable a comparison study of two such devices. The 
CF apparatus accommodated for fully developed laminar flow and It allowed for the 
recirculation of the liquid and better control of variables such as pressure, temperature 
and flow rate as compared to the SC deVice. The use of both CF and SC deVices showed 
that the SC is an important device for experiments which reqUire ease of operation and 
it can yield results relatively qUickly. In additIOn, the SC can be useful where only small 
volumes of sample are available. It can also be more cost-effective than a CF device. 
Based on the CF design a method was developed which can be used to compare and 
match the shear stress experienced in the CF apparatus with that of the SC. It was 
demonstrated that shear is an important parameter in ultrafiltration which is sometimes 
overlooked because the general tendency is to solely focus on the Reynolds number or 
other parameters such as the transmembrane pressure (lMP) employed. In thiS work, a 
relatively low TMP of 25 kPa was used for the majority of the experiments which made 
it possible to operate both apparatus at the same, selected, TMP. In additIOn, at such a 
pressure the extent of membrane fouling generally does not have a detrimental effect on 
the process. 
The protein filtration studies using bovine serum albumIn (BSA) and lysozyme (L YZ) 
as model proteins in the two apparatus showed that differences In penneation and 
filtratIOn outcomes exist between the two deVices, even if It is attempted to maintain 
comparable conditions Differences were observed for factors such as permeate flux 
rates and mass transfer coefficients. Moreover, the CF apparatus was also used to 
conduct molecular weight cut off (MWCO) measurements which could be compared 
and contrasted with those obtaIned from stirred cell expenments. The MWCO 
measurements were found to differ for the two deVices as well. The measurement USIng 
the CF apparatus usually gave a higher MWCO These findIngs suggest that a prudent 
approach is necessary when laboratory data is to be transferred to Industnal scale 
applications. The results also imply that there is sigmficant difficulty in simply using 
SC data as a basis for scale-up to a CF device, because the resulting flux and rejectIOn 
as well as MWCO data may not turn out as expected. 
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As a result of this research It is thus proposed to take into account shear at the 
membrane surface when using SC data as a basis for further deSIgn. Generally, high 
turbulence and high shear rates are desirable in order to minimIse concentratIon 
polarisation, but any effort to maximise shear has to be balanced wIth any potential 
detnmental effect on the solutes used. 
The filtratIOn results for both unmodIfied and plasma-modified membranes were also 
interpreted using common filtration models. The application of such models has 
demonstrated that mass transfer was generally higher in the SC under the conditions 
employed. ConcentratIon polarisatIOn effects were therefore found to be greater during 
CF applications. This finding implies that mcreased turbulence can reduce concentration 
polansation whereas shear alone is unable to achieve thIS effect. Protem fouling, 
however, was mostly hIgher during SC filtration. Therefore, it is important to know 
what the objective of a gIven filtration process is so that operating conditions can be 
chosen III such a manner as to select the most appropnate conditIons. Fouling, for 
instance, could be reduced by working away from the protein isoelectnc point and/or by 
operatmg at a low IOnic strength. At a hIgh ionic strength, due to charge-shielding 
effects, the influence of pH was masked so that operation at a pH away from the protem 
pI did not provide a benefit in tenns of foulIng reduction. The applIcatIOn of the 
resistance-Ill-series model also demonstrated that not much difference in the extent of 
foulIng could be observed at a hIgher IOnic strength. 
As part of the characterisation studies scanning electron mIcrographs (SEMs) and 
swelling measurements of the membranes were taken. It was found that the SEMs could 
be used to provide infonnation about the membrane thickness but they were of lIttle use 
regarding the quantificatIOn of membrane fouling or an estImate of the average pore 
size. Instead, it was found more useful to develop a method which relates the MWCO 
data to the Stokes radIUS thereby allowing an estimate of a typical pore sIze at a given 
rejection Swelling measurements showed that cleaning agents such as NaOH 
temporarily swell the membrane whIch has to be considered when re-use of cleaned 
membranes IS required. Moreover, it was established that it is necessary to subJect the 
membranes to a consistent pretreatment methodology Such an approach WIll prevent 
the risk of misinterpreting a gIven filtration result which may actually be mfluenced by 
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variations in the membrane propertIes (even If sourced from the same sheet) and/or 
membrane compaction. 
The capabiitty of low-temperature plasma surface-modlficatton applied to the 
polyethersulfone (PES) membranes used in this work was also studied. These newly 
obtained membranes and the origmal PES membranes were characterised in terms of 
MWCO, flux, contact angle and streaming potential. It was demonstrated that the 
plasma-modIfied membranes had substantially lower permeate flux rates than 
unmodified membranes. The MWCO, however, was not vastly dIfferent in the higher 
molecular weight range suggestmg that the changes in the lower molecular weIght range 
where due to loss of some of the smaller pores as a result of the modIfication. Contact 
angle data revealed that the membranes became more hydrophobIc. Hydrophobic 
membranes are often under the mfluence of secondary effects such as air entrapment or 
more extensive protein adsorption which can also lead to lower permeate flux rates. In 
this work, the hydrophobIc nature of the plasma-modIfied membranes was partly 
attnbuted to the need for drying of the membranes prior to the plasma application 
(membrane permeate flux was found to reduce after drying). Streaming potential data 
showed that both the unmodified and the plasma-modIfied membranes carried little 
charge. ThIs was further supported by the appitcation of a charge model which predicted 
little e1ectrostattc interaction for these membranes. The model was also used to relate 
the true rejection coefficient to electrostatic mteraction which enabled a demonstration 
of how charge interaction increases when the membrane carries a higher charge density. 
The present research work has contnbuted towards a better understanding of the 
influence of deVIce-dependent hydrodynamICS and the influence of charge dunng UF of 
protems with both unmodified and plasma-modIfied PES membranes. 
8.2 Future work 
There are several aspects to this work from which useful further studIes could be carned 
out. 
It was mentioned m Section 5.23 that dextran standards, frequently used for membrane 
characterisatton, were reported to foul PES membranes, at least under the condItions 
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tested Those condItions were manifested in the operatIOn of a dead-end SC at a 
relatIvely low stirrer speed (300 rpm). It would be interestmg to repeat such a study at 
higher stIrring speeds and also usmg the CF devIce. Based on the findmgs for dextran 
rejectIon using the CF apparatus and knowing that the flow profile in the latter 
apparatus will dIffer from that in a SC it may be of mterest to detennine if dextran 
fouling would occur under the proposed conditions and/or what the extent of fouling 
might be. 
A large percentage of the cost in UF processes IS due to the need for membrane 
replacement as a result of fouling or inadequate cleanmg effectiveness. It is hence 
recommended to carry out further studIes using low-temperature plasma treatment but 
usmg dIfferent polymeric membranes and different co-polymers in order to find a 
modification-scenario where a membrane can be created which becomes more 
hydrophilIc and can retam high penneate flux rates. To do so it would be beneficial to 
source a polymer material that can be modified directly from the manufactured state. It 
may also be pOSSIble to achIeve further improvements in the membrane charactenstIcs if 
a systematic study is carned out where a gIven membrane material is modified over a 
range of intensities and treatment times in order to detennine the optimal modification 
parameters. 
In tenns of a companson of filtratIOn devices the present study could be extended to 
comparison tests at dIfferent conditions. The mass transfer coefficients for the two 
systems could be kept identical, although thIS would mean that shear rates are different, 
at least for the present system. The comparatIve study between SC and CF devices 
could also benefit from a study usmg suitably plasma-modIfied membranes in order to 
explicItly look at charge mteractions between the membrane and the protem(s) and any 
dIfferences whIch may be observed due to the dIfference in device configuration. If such 
studies were to gIVe quite different results thIS would suggest that conclusions from 
many laboratory studIes (using SC devices) wIll be mappropriate when used as a deSIgn 
basis for the important CF configuratIon widely represented m industnal applications. 
Also, It must be stressed that the current research is limited as It has only been applied 
to two dIfferent single protem solutIOns. It would therefore be of interest to study 
whether simIlar findings could be made using other model protem solutions and to test 
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how transferable the methodologIes developed m this thesIs are. Eventually, since real 
systems are always made up of multI-component mIxtures it would be of mterest to 
extent this work to binary and multi-component mixtures Such studies would have to 
account for secondary effects such as protem-protein interactIons in the bulk and at the 
membrane surface which were out ofthe scope of this work. 
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A. List of publications and presentations 
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Presentations 
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Stevenage, United Kingdom. 
Pnblications 
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B. Crossflow apparatus - Design 
a) Techmcal desIgn drawing of the crossflow module. 
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b) Assembled membrane module and membrane ho lder situated in framework 
242 
c. Supporting calculations 
a) Calculation of the hydraulIc membrane diameter 
4x30x2 
2(30+2) 
b) Stagnant film model derivations 
3.75 mm 
Appendices 
(A.1) 
Application of the boundary conditions of the concentration polarisation phenomenon 
descnbed by the fihn model yields: 
J -5, 
-' fill: 
D 0 
(A.2) 
which can be integrated to gIve' 
(A 3) 
Equation (A.3) can be re-arranged In order to determine the concentration at the 
membrane surface, CM' 
(AA) 
A combinatIon of equatIons (3.1), (32) and (A 3) can be re-arranged In such a manner 
as to gIve equatIOn (3 11). In order to arrive at this conclusion, equatIOns (3.1) and (3.2) 
are expressed as follows. 
C C 
C= P andC= P 
f (I-Ro) M (I-R".) 
(A.5) 
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SubstItuting into equation (A.3) wIth km = D/8t, gives 
Cp 
---C 
1- R" p 
Cp 
---C 
l- Ro PI 
Dividing equation (A.6) by Cp and further rearrangement yields. 
Rh" 
I-R" J, = km In ----=R....!<.... 
o 
l- Ro 
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(A 6) 
(A 7) 
which then can be expressed as equatIOn (A.8), i e. another form of equation (3.11): 
In(~)-In(~) = ~ 
I-Rh" I-Ro km 
(A.8) 
Changing signs for each term on the left-hand side and inverting the numerator and 
denominator of equation (A.8) gIves the form of equation (3.11). Solving equation 
(3 11) or equatIOn (A 8) for R/r leads to equation (7 2) via the following steps 
Rearranging equation (A 8) and converting the logarithm into an exponential term 
yields equation (A.9): 
( R" ) ( Ro) :' -- - -- +e1- R" 1- Ro 
(A.9) 
After rearrangement equatIon (A.9) becomes: 
Js Js 
R" (1- Ro + Roek,) = Roek• 
(A.! 0) 
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which then can be solved to give equation (7.2) and which can also be written as 
equation (A.ll) 
!.. 
R e" RIr = __ ,,-0 _---,:-
J, 
l-R +R e" o 0 
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(A.ll) 
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c) Shear stress caIculahon along the shrred cell impeller for different frequencies 
RPM G;;~:;?100l RPM E~~:~~~o!il RPM I, /<J4QQ) 
RadIus t t RadIus t t RadIus t t 
cm dyn/cm2 Pa cm dyn/cm2 Pa cm dyn/cm2 Pa 
010 028 003 010 3.13 031 010 1464 146 
020 056 006 020 625 063 020 2929 293 
030 084 008 030 938 094 030 4393 439 
040 1.12 011 040 12.50 125 040 5858 586 
050 140 014 050 1563 156 050 7322 732 
060 168 017 060 1875 188 060 8787 879 
070 196 020 070 2188 219 070 10251 1025 
080 224 022 080 2501 250 080 11716 1172 
090 252 025 090 2813 281 090 13180 1318 
100 280 028 100 3126 313 100 14645 1464 
110 308 031 110 3438 344 110 16109 16.11 
115 322 032 115 3595 359 115 16842 1684 
120 314 031 120 3751 375 120 17574 17 57 
130 299 030 130 4063 406 130 19038 1904 
140 286 029 140 4376 438 140 20503 2050 
146 279 028 146 4287 429 146 21315 2132 
150 275 027 150 4218 422 150 20933 2093 
160 264 026 160 4058 406 160 20138 2014 
170 255 025 170 3913 391 170 19418 1942 
180 246 025 180 3781 378 1 80 18764 1876 
190 238 024 190 3660 366 190 18165 1816 
RPM tiil'~m RPM. !:s~il~4~[l] RPM. I:,J !i~{1l:m 
RadIus t t RadIus t t RadIus t t 
cm dyn/cm2 Pa cm dyn/cm2 Pa cm dyn/cm2 Pa 
010 2885 288 010 3287 329 010 3922 392 
020 5770 577 020 6574 657 020 7845 764 
030 8655 865 030 9861 986 030 11767 1177 
040 11540 1154 040 13148 1315 040 15689 1569 
050 1« 25 1442 050 164 36, 1644 050 19612 1961 
060 17309 17 31 060 197.23 1972 060 23534 2353 
070 20194 2019 070 23010 2301 070 27456 2746 
080 23079 2308 080 26297 2630 080 31379 3138 
090 25964 2596 090 29584 2958 090 35301 3530 
100 28849 2885 100 32871 3287 100 39223 3922 
110 31734 31.73 110 36158 3616 110 43145 4315 
115 33176 33.18 115 37802 3780 115 45107 4511 
120 34619 3462 120 39445 3945 1.20 47068 4707 
130 37504 3750 130 42732 4273 130 50990 5099 
140 40389 4039 140 46019 4602 140 54912 5491 
147 42408 4241 147 48251 4825 1 47 57652 5765 
150 41728 41 73 1 50 47628 4763 150 56953 5695 
160 40143 4014 160 45819 4582 160 54790 5479 
170 38709 3871 170 44183 4418 170 52833 5283 
180 37404 3740 180 42693 4269 180 51052 5105 
190 36210 3621 190 41330 4133 190 49422 4942 
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d) Sample Maple solutIOn usmg Ferry's and the SHP pore model 
Ferry's model applIed to 90% rejection of a 50 kDa dextran. 
[[d= 7.436970571], [d= 11.65488070], [d= 2.978212296 
+ 4.262912053 I], [d= 2.978212296-4.262912053 III 
SHP model applIed to 90% rejection of a 50 kDa dextran. 
> ({ (( 16 ( 9.08 )2) ( 9.08 )2 ( solve 0.9= 1- 1 + 9' I--d- . I-d . 2-(1- 9.~8 n)}, [d]); 
AppendIces 
[[d=3.767182991], [d=7 458811133], [d= 11.60164224], [d-
5.679766598 + 4.394602610 I], [d = -22.13073803) 
, [d=5.679766598-4.39460261O III 
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D. Calculated and experimental calibration curves 
a) Dextran calibration (1 kDa) - in the range of 0.01 gIL to 2 gIL 
2,000,000 
1,800,000 
1,600,000 
S-i;: 1,400,000 
.s 
>< 1.200,000 
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.5 1,000,000 
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u 
.. 
.::: 600,000 
" a: 
400,000 
y= 869436x 
R' = 0.9996 
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200,000 I • 1 kDa calibration -linear (1 kDa cahbratlon) I 
0 
00 02 04 06 08 10 12 14 16 18 20 
Concentration (gILl 
The maxImum error for a given data point (of which three measurements were 
averaged) was ±5%. 
248 
AppendIces 
b) Dextran calIbration (5 kDa) - in the range 0[0.1 g!L to 2.0 g!L 
2,000,000 
1,800,000 
1,600,000 
5' Q!1,400,000 
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';(', ,200,000 
.. 
'0 
.51,000,000 
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0: 
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200,000 
0 ~ 
00 02 04 06 
'f.870569X 
RI. 0 9995 
I • 5 kOa calibration -linear (5 kDa calibration) I 
08 10 12 14 16 18 
Concentration (giLl 
c) Dextran calIbration (150 kDa) - in the range 0[0 005 g!L to 1.0 g!L 
1,000,000 
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5' 700,000 Q! 
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)( 600,000 
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249 
08 
20 
1 
AppendIces 
d) UVNis absorbance data for common proteins 
It was mentioned m SectIOn 4.6 2 that protein absorbance data can be determmed usmg 
either UVNIS spectroscopy or by use of a calculation approach. The calculation IS 
slightly less accurate, because absorbance of proteins can differ in dIfferent solvents, 
and thus can only provide an estimate. However, the absorbance calculation provides an 
addItional means to check if experimentally obtame~ calIbration curves are reasonable. 
Accordmg to the Beer-Lambert law the absorbance of light can be determined if the 
concentration of the absorbing sample, the path length for which the lIght travels 
through the sample and the molar extmction or absorptton coefficient are known. The 
law can be expressed in the form of 
A =&C I m (A.12) 
where A is absorbance, c the molar extmction coefficIent, cm the molar sample 
concentration and I the sample thickness or path length. The extinction coefficient is 
based on the chromophores m a molecule, i e. the part of the molecule WhICh can be 
detected in the UV range (I to 400 nm). In a protem certain amino acids are classed as 
chromophores, hence If the amino acid composition of a protein is known then the 
expected absorbance of the entire protem can be esttmated (GIll and Vonhlppel, 1989). 
Typically, the extinctIOn coefficient is determmed at a wavelength of 280 nm for most 
proteins. Table A.1 lIsts relevant ammo acids, Tryptophan (Trp), Tyrosine (Tyr), 
Cysteine (Cys) and their molar extinctIon coefficIents for the protems used in this 
research. 
Table A.I. Number of cbromopbores in common proteins. 
Amino acid 
Trp 
Tyr 
Cys 
g (280 nm) 
BSA 
2 
20 
17 
42,925 
LYZ 
6 
3 
4 
37,970 
Based on the data m Table A.I, extracted from Pace et aT. (1995), the molar extinctIOn 
coefficIent at 280 nm can be determmed using equation (A.l3): 
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&(280) = 5,500(#Ttp) + 2,490(# Tyr) + 125(#Cys) (A.l3) 
Once the extmction coefficIent and the relatIve molecular mass (RMM) of the protein IS 
known the expected absorbance can be determmed usmg the Beer-Lambert law. Note 
that slIght variations of equation (A.13) eXIst, but after extensive studies of the average 
s-values of eIghty proteins obtamed from dIfferent methods Pace et al. (1995) 
recommended to use the above equation. Absorbance values at varymg concentratIons 
for BSA (RMM 66,330) and L YZ (RMM 14,700) are provided in Table A.2. 
Table A.2. Calculated protein absorbance of RSA and L YZ (280 nm wavelength). 
RSA Absorbance LYZ 
( 
0025 0016 0.025 0065 
005 0032 005 0129 
0075 0049 0075 0194 
0.1 0065 01 0258 
02 0129 02 0517 
0.3 0194 03 0775 
04 0259 04 1.033 
05 0324 05 1291 
06 0388 06 1550 
0.7 0453 0.7 1808 
08 0518 08 2066 
09 0582 09 2325 
10 0647 10 2583 
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e) UVNis BSA calIbratIon (0 025 -I gIL) 
07,--------------------------------------------. 
06 
05 
,,-0$ i '2 04 
.., " ~ Ch 
In.o 03 ~:$. 
02 
01 
y = o 6304x 
R' = 0 9987 
..,.N" I • BSA Calibration Curve - Linear (BSA Calibration Curve) I 
o ~--__ ~--__ ~--__ ~--____ ~ 
o 01 02 03 04 05 06 07 08 09 
ConcentratIon (gILl 
The maximum error in any absorbance readmg was ±3%. The absorbance obtained 
at 0.5 gIL from tlus curve dIffers less than 3% from the calculated value (Table A.2). 
f) UV Nis L YZ calIbration (0.025 - I gIL) 
" -o .. 
c"" 
" c 
.., " ~ .. 
0.., Jl« 
«~ 
25,-------------------------------------------, 
2 
15 
05 
0 £ 
0 01 02 03 
y = 2 3228x 
R2 = 0 9987 
I • l YZ Calibration Curve - Linear (LYZ Calibration Curve) I 
04 05 06 07 08 09 
Concentration (gILl 
The maxImum error in any absorbance readmg was ±4% The absorbance obtained 
at 0.5 glL from this curve dIffers 10% from the calculated value demonstrating that 
it is best to work with experimental calIbratIOn curves (Table A.2). 
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E. Characterisation data 
a) Contact angle data - unmodIfied membranes 
(Lappeenranta UniversIty of Technology) 
AppendIces 
S~tla~contacta!lglej." ~::J:?-':"",,'Vi~J.:I}h:: "ill'" "~k':'~tc .... :..it,;.~ /'';7::' !fuZ'.4-'l1.;:}~.J!:~~~' '~~ ~~~~,.b' 
Membrane. ' ~~1t {2'~; 
Surface status: ~, Nadir PEj~':~' k~~", ,'" ' 'untreated , " :} " 0' 
" '" """ 
, , 
" 
, 
Drop number 1 2 3 4 5 6 7 8 9 10 
Left contact angle 8657 8926 8947 8813 8815 8811 8872 8871 8865 852 
RIght contact angle 8874 9101 9108 8963 8964 8961 9048 9046 9037 8752 
Mean contact anole 8765 9013 9027 8888 8889 8886 896 8959 8951 8652 
Drop number 11 12 13 14 15 16 17 18 19 20 
left contact angle 8886 8905 8896 8608 8546 853 8892 8894 8875 8553 
RIght contact angle 8753 877 877 8695 87 8683 9033 9029 9021 8711 
Mean contact angle 882 8838 8833 8652 8623 8606 8963 8961 8948 8615 
Overall average contact angle. 89· 
Contact angle variation (±) 2S· 
Standard deviation (t) 14· 
~tatl~COlJt~ct anglq~\otw.&l<~"":~';:"'~~~'_'-"'~'-"Y"~ - ~, , " , . ,', ", ", .7', .;:, 
Membrane~', , NadIr PES 20 kDa ?'-, , A::, J!' '.7.f ',' :~, ,'C ,~ J', " 
Surface status' , untreated 
Drop number 1 2 3 4 5 6 7 8 9 10 
left contact angle 8492 84 74 84 72 8671 8655 8624 8663 8638 8619 8561 
Right contact angle 848 8444 8434 8928 8897 8851 8794 8765 8748 8727 
Mean contact anQle 8486 84 59 8453 8799 8776 8738 8729 8701 8684 8644 
Drop number 11 12 13 14 15 16 17 18 19 20 
Left contact angle 8548 8519 8412 8399 8394 8645 8627 8616 84 38 84 28 
Right contact angle 8701 8659 8575 8566 8561 8683 8665 8637 8689 871 
Mean contact a!lgle 8625 8589 8493 84 82 84 78 8664 8646 8626 8563 8569 
Overall average contact angle 86 • 
Contact angle vanatlon {±} 20· 
Standard deviation (±) 11 • 
~tati9",CO!!tacjJIDgl~~~Jf;&~. '7t#W!.ciiwL 'ft$;;'" ~~cl0t:: ~~'f~~~2'1'4 y;' U~~~~>lhli 
Membrane: Nadir PES 30 kDa ~ . 
Surface status. ,'", ,,/ --: ,'\Jntreated,"~ '/" " "11 ~ ',,, ,\ ;, : t " , " :~ ~ 
Drop number 1 2 3 4 5 6 7 8 9 10 
Left contact angle 813 8123 8115 8419 8418 8411 8374 8359 8355 8354 
Right contact angle 8247 8239 8239 8498 8491 8482 8434 84 26 8414 8444 
Mean contact anQle 8189 8181 8177 8459 8454 8446 84 04 8392 8384 8399 
Drop number 11 12 13 14 15 16 17 18 19 20 
Left contact angle 8347 8346 8337 8325 8329 8254 818 8319 8297 8283 
Right contact angle 8435 8434 8202 8194 8186 8303 7971 8181 8162 8141 
Mean contact aflgle 8391 839 8269 826 8257 8278 8075 825 8229 8212 
Overall average contact angle. 83· 
Contact angle variation (i) 25· 
Standard deviatIon (i) 11 • 
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Static _C!ontactangle~¥: ';-~a~?;:h4 ta~g10c"X"'"lffug':":;-"kj ~zITi t &~7";,,,\!k¥;;."';b '4 ~"~~ i.ie.Z'~~",~ ~;:;.i;~~ 
Membrane~ , , Nadir PES 50 kDa" ' , , " , , 
Surface status· untreated ,', " ~:- , 
Drop number 1 2 3 4 5 6 7 8 9 10 
Left contact angle 8013 7934 7911 84 81 8358 8297 8159 80 7854 7823 
Right contact angle 8283 8206 8187 8356 8226 81 19 8214 8128 8028 8035 
Mean contact angle 8148 807 8049 8419 8292 8208 8187 8064 7941 7929 
Drop number 11 12 13 14 15 16 17 18 19 20 
Left conlact angle 7764 823 8191 8214 8205 8162 8156 8242 8254 8251 
Right contact angle 798 8261 8255 8215 8142 8164 8155 8128 8102 8078 
Mean contact anQle 7872 8246 8223 8215 8174 8163 8156 8185 8178 8164 
Overall average contact angle 81 • 
Contact angle varfatlon (±) 25· 
Standard deviation (t) 13· 
Static contact angle, , ~ , c ' - ~, - ~ r~, ~ ~~"'~U."""""4 ,1. I ": ,~~""~~~,:w..,~ ___ ,,.~ .. ~,,;... 
Membrane' Mllhpore PES 50 kOa 
Surface status untreated , , , ' , 
Drop number 1 2 3 4 5 
Left contact angle 9306 9293 9347 9394 9384 
Right contact angle 9107 91 9139 933 932 
Mean contact anQle 9207 9196 9243 9362 9352 
Drop number 11 12 13 14 15 
Left contact angle 9244 9239 928 932 9323 
Right contact angle 9304 9293 942 94 67 9463 
Mean contact anqle 9274 9266 935 9393 9393 
Overall average contact angle 94· 
Contact angle variation (t) 21 • 
Standard deviation (t) 13" 
b) Contact angle data - plasma-modIfied membranes 
(Lappeenranta UnIversity of Technology) 
, 
, ' 
, 
6 7 8 9 10 
9393 9527 9529 9528 9234 
9317 9585 9584 9581 9301 
9355 9556 9557 9555 9268 
16 17 18 19 20 
9132 9132 9126 9567 9563 
9334 9322 9319 953 9529 
9233 9227 9223 9549 9546 
S~t~tlG.~COl1ta~J~at'lgl~;;1.;'aj "?;," p! '2-00' r";;_~- \ 11 '~~~,;;~U~~ 
Membrane" '? ; Nad" PES 50 kD';;~ "7"",A::'5[4.,~,'(~f:\;;~,'::' ;';0;,' '" ' , Surface status: J moeflfled, Dlasma e mih ~ ~,~ ~, " 
Drop number- 1 2 3 4 5 6 7 8 9 10 
Left contact angle 10073 10063 1006 9742 982 9746 10146 10154 10152 9932 
Right contact angle 993' 9933 9924 9724 9937 987 10001 10006 10002 9742 
Mean contact anole 10003 9998 9992 9733 9878 9808 10074 1008 10077 9837 
Drop number 11 12 13 14 15 16 17 18 19 20 
Left contact angle 996 9941 10246 10242 10226 10158 10008 9974 9915 9869 
Right contact angle 9769 9739 10193 10174 10156 10341 10024 tOO 1 9999 9981 
Mean contact angle 9884 984 1022 10208 101 91 10249 10016 9992 9957 9925 
Overall average contact angle. 100 0 
Contact angle variation (t) 27" 
Standard deviation (t) 15· 
Static;~contact an9Ie~, _"_,,,,~_~.-i h' ~~~~t:t.~,i;.~:-""~~~":;';.,'~4~~-' __ ~w' .. -...~"" ~~ .. 
Membrane" Nadir PES 50 kDa , , 
Surface status' mo(hfi~(200W, 1 mm}, subsequent acrylic aCid diPPing 
Drop number 1 2 3 4 5 6 7 8 9 10 
Left conlact angle 9879 9876 9875 10063 10067 10067 9904 9883 9857 9861 
RIght contact angle 9905 9905 9906 9913 9914 9915 9902 988 984 10018 
Mean contact anole 9892 9891 989 9988 9991 99 91 9903 9881 9849 9939 
Drop number 11 12 13 14 15 16 17 18 19 20 
Left contact angle 9849 983 10103 10097 10089 1018 10137 10078 9837 9825 
Right contact angle 100 9981 9995 9996 9997 10098 10084 10051 9827 9828 
Mean contact anole 9925 9905 10049 10047 10043 10139 101 1 10065 9832 9827 
Overall average contact angle 100 D 
Contact angle variation (t) 1 8 • 
Standard deviation (::t:). 09· 
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c) Contact angle data - Water cleaned and direct from manufacturer 
(Loughborough University) 
Stat!c;..,~~mt<JctjlngI9~J.lJL"~~'r&i:«,,ji4;;",hlk"'~~,,"_k..~~""~~"'~~ 'd 
, Membrane. "NadlrPES50kDa, Nadir PES 50 kDa ~~_,'M 
Surface status ~ untreated, -g M ;~ untreated, Including wetting agent;~ 
water-washed and dned from manufacture - ~ . 
Measurement 1 2 3 4 5 1 2 3 4 
Left contact angle 790 817 808 815 804 494 525 509 519 
RIght contact angle 779 801 809 820 811 497 511 495 525 
Mean contact anale 785 809 809 818 808 496 518 502 522 
Average left CA 81 • 51" 
Average right CA 80 • 51 • 
Average mean CA 81 ' 51 ' 
Contact angle variation (±) 25' 14' 
Standard deviation (±) 12' 13' 
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F. Supporting Figures 
a) Dextran standards chromatogram 
b) 
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c) L YZ UV wavelength scan 
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d) Charge interactIon and true rejectIon versus pH (Steric hindrance pore model, 
see SectIon 7.3.1 and Figure 7.11 for further details) 
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DATA S HEET 
Biomax™ Membranes 
• The membrane of choice for fast processing, and exceptional 
chemical resistance 
Biomox. Composile PolyelhersulFone wilh void-Free slruclure 
MILLlPORE 
Biomax membranes are the mem-
branes of choice far applications 
requiring high flux, low to moderate 
protein binding, and harsh chemical 
cleaning and/or sanitization . 
Typica l Applications 
• Concentration, buffer exchange, 
and depyrogenation of protein 
solutions containing biomolecules 
such os albumin, IgG, IgM, 
monoclonal antibodies, hormones, 
and growth factors . 
• Horvest, clarification, and 
concentrotion of voccines. 
The more open average pore size 
permitted by the void-free slructure of 
the Biomox membrane resuhs in higher 
fluxes with maximum reten tion. 
Conventional UF membranes cost with 
mocrovoids hove lighter overage pore 
sizes and must operate with reduced 
flux to keep retention high . 
The high flux and high retention 
properties of the Biamax membrane 
result in foster processing speeds with 
higher yields, which means shortened 
processing limes and 0 bioprocessing 
syslem that con be smaller and more 
compact. 
Biomax membranes ore composed 
of polyethersulfone and are resistant to 
harsh chemicals used in cleaning, 
biological decontamination, and 
sanitization. The palyethersulfone 
Biamax membrane has been modi fied 
10 reduce non-specific protein binding 
compared to conventional polyether-
sulfone membranes. 
Advantages o f Choosing 
Biomax M embrones 
• Void·free structure results in high 
flux, excellent retention and 
higher yields. 
• Composite polyethersulfane 
membrane provides a stable 
hydraulic environment, resulling 
in excellent mechanical strength 
and integrity . 
• Polyethersulfone membrane has 
superior resistance to harsh 
cleaning chemicals with no 
degradation of processing 
performance through multiple 
cleaning cycles . 
• Biomax membranes are avai lable 
in 0 wide range of molecular 
weight cut-affs to meet all of your 
application needs. 
Tighter Retention Profile 
The relenllon profile of B,omax 10 kDo 
membrane IS much sharper Ihan Ihal 
of 0 convenllonal 10 kDo membrane, 
Iranslahng 1010 Improved prolem 
retention In your process stream 
IF,gure I) 
Improved Integrity 
The VOid-free slruclUre of Ihe B,omax 
membrane Slgnlficanlly reduces Ihe 
mCldence of mlcrodefecls, resullmg m 
Improved membrane mlegrlty 
IFlgure 2) 
Improved Process Yields 
You con decrease Ihe Size of Ihe 
syslem and Improve your Yield, Ihereby 
reducmg your overall processmg cosls 
ITable I) 
80 
.. 60 g 
li 
~ 40 
20 
o 10000 
Molecular Weight 
HAS-68 
kDa 
100000 
Figure 1 Protem retentloo of B,omax membrane versus 
conventional Polyethersulfone UF membrane 
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Figure 2 /ntegflty testmg of B,omax membranes versus 
conventional PolyethersulFone UF membranes 
Parameter Blomax 10 Conventional 
Polyelhersulfone (10 kDo) 
Relenhan 1%) 9995 999 
Flux (Imh) 1180 800 
Reclfculahon role Ilpm) 40 60 
Pipe d,ameler Ilnches) 1 5 25 
Hold-up volume (1,lers) 84 208 
Yield Improvemenll%) 2-3 
Table 1 
Superior Flux 
At working concentrations of protein, 
B,omax membranes have higher flux 
for a given protein retention than 
conventional polyethersulfone UF 
membranes In thiS example, B,omax 
10 membrane demonstrates a 40% 
Improvement In process flux over a 
conventional 10 kDa polyethersulfone 
membrane uSing 10% BSA (Figure 3) 
Superior Chemical Resistance 
Results in Excellent Cleanabdlty 
A~er 380 hours In 1 N NaOH at 
50 ·C, B,omax membranes show 
consistently bener retention and 
integrity than competitive polyethersul-
fone UF membranes Caustic cleaning 
regimens have no effect on the ability 
of the B,omax membrane to retOln 
proteins and do not adversely affect 
integrity (Figure 4) 
A rigorous cleaning regimen of 
caustic plus hypochlorite restores 
normalized water permeability (NWP) 
to near InltlOl values follOWing 
sequential process runs (FIgure 5) 
Results 
A~er 100 hours In 600 ppm 
chlorine, the B,omax 10 membrane 
showed no appreciable change In OIr 
integrity or BSA retention (Table 2) 
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Figure 3 High flux of B,omox membrane versus 
conventional Polyethersulfone UF membrane 
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Figure 4 Caustic resIStance of 
BlOmax membrane versus conventlonol 
Polyethersulfone UF membrane 
Figure 5 Consistent relurn of woter 
permeability after cleanmg 
Sample A SampleB 
Air integrity (sccm) prior to exposure 7 8 
BSA retention % prior to exposure 9997 9997 
Air integrity (sccm) aher exposure 3 10 
BSA retention % aher exposure 9997 9997 
Table 2 
To Place an Order or Receive 
Technical Assistance 
For add,honal Informahon call your 
nearest Mdhpore office 
In the U S and Canada, 
call toll-free l-SOO-MIWPORE 
(I-S00-645-5476) 
In the US, Canada and Puerto 
RICO, fox orders to I-SQO-MllllFX 
( I-S00-645-5439) 
Internet www mlllipore cam 
T ech Service 
www mdlipore com/techsemee 
MILLlPORE 
Milllpore and Pelllcon 018 registered trademarks of 
M,II'pore Corporalion 
Uhracellls 0 lfOdemork. of Mlllpore Corporallon 
lit No PF1402ENOO Rev A 06/02 02 176 
Printed In USA 
© 2002, MIIlI pore Corporollon, Bedford MA 01730 
USA All rights reserved 
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SpeCifications 
Membrane CompoSite polyethersulfone with void-free structure, 
caompohble with solutions having 0 pH between 
Relotlve protem bmdmg 
Biomax Applications 
1 and 14 
low to moderate, for use With protein solutions 
contOlnlng more than 0 1 mg/ ml of protein 
Blomox Membrane NMWl' Typical 
Type Code IkDo) Application 
Blomox5 PBee 5 Growth factors, hormones 
Blomox 8 PBFe 8 Growth factors, hormones 
Blomax 10 PBGe 10 Albumin, hemoglobln 
Blomax 30 PBTK 30 Enzymes 
Btomax 50 PBQK 50 IgGs 
Blomax 100 PBHK 100 Small VIruses, antrgens 
Blomax 300 PBMK 300 IgMs, large Vlfuses 
Blomox500 PBVK 500 large VIruses, collOids, partlculales 
Blomax 1000 PBXK 1000 large Vlfuses, cells, collOids, 
parttculates 
• Nominal N.olecular Weight umll 
Product Usage 
B,omax membranes ore found In Pell,con~ Xl deVices and Pell,con 2 Cassettes 
from Mllhpore 
Membran 
Membranmatenal 
Membrandaten 
Nominelle Trenngrenze 
Wasserfluss 
ROckhalt 
, ' , 
Testmedlum 
, 
Zulassige Betriebsbedlngungen 
pH-Berelch 
Temperaturbereich 
NADIR® Datenblatt 
- Ultrafiltrationsmembranen -
H-Serie 
kDa ~~~4,j ~? , "h/w..o>,~, ¥~"""30 
"-d. ~~,'~""" y, 
1/(m2h) >20 > 100 
" f~,""",",,''''''~~,",~'''''''r'= ."~",,',j"y ~'" ~ Y,'- -~'Y"·,." < 
% ,', ,92-97, ' 82-88 
"~\h""'w',""''0 '"". ~,,~, . V ,,,-, ~A~ '" > 
Dextran T!O (1%) PVP, K30 (2%) 
5-95 
O-':'l'(~ 
5-95 
"50" ,'1 
>250 
", '7(::')3 "~'~ '] 
PVP K30 (2%) 
'()"::14' "-'1 
" "'" ",. "","1 
5-95 
TestbedJngungen 3 bar. 20 QC, RlIhrzelle (700 U/mm) 
MICRODYN-NADIR behalt Slch das Recht vor, 
Angaben ohne vorhenge AnkOndlgung 
anzupassen 
We reserve the nght to change SpecifICations 
WIthout prior notlflCallon 
MICROOYN-NAOIR GmbH 
Industneparl< Kalle-Albert 
RhelngaustraJ:\e 190 -196 
0-65203 Wlesbaden 
Telefon 
Telefax 
E-Mad 
Internet. 
+49 (0) 611/962-6001 
+49 (0) 611/962-9237 
mfo@mlcrodyn-nadlrde 
www mlcrodyn-nadlr de 
Available onhne at wwwsclencedlrect corn 
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Evaluation and comparison of protein ultrafiltration test results: 
Dead-end stirred cell compared with a cross-flow system 
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Abstract 
Dead-end stmed cell devices are commonly used m laboratones to charactense ultrafiltration membranes and theIr separation behaVIOur 
AdditIOnally. protem separatIon data from such systems are used for process scale-up Such devices are operated under conditions that are 
mherently different from those used dunng the continuous or seml-contInuous processIng of mdustnal feed streams The work presented m thiS 
paper compares the rejection behaViour of Single protein solutIons m a dead-end stIrred cen (SC) deVice With that for a cross-flow system (CF) 
The effect of lomc strength (20 and 100 mM) and solutIon pH (4 9, 6 0, 7 1,84 and 11 0) on proteIn filtratIon (bOVIne serum albumin (BSA) and 
lysozyme (LYZ) from buffered aqueous solutions) behaViour has been Invesugated usmg polyethersulfone (PES) membranes With a manufacturer 
specified molecular weight cut-off (MWCO) of 50 kDa. PES membranes were charactensed In terms of dextran MWCO usmg both the SC and 
the CF systems The mode of operatIOn resulted ID slgmficant observed dIfferences ID the resulting dextran solute rejection curves for the two 
systems The observed rejection (Robs) values for a senes of dextran standards were consistently found to be lower for the CF system compared 
With the SC umt suggestmg hIgher wall concentrations (Cw) due to concentration polansalIon effects m the eF umt. Protem ultrafiltration studies 
With the 50 kDa PES membranes hIghlIghted Important differences In observed protem rejection behaViour despIte operation of the two systems 
at the same transmembrane pressures (25 kPa) SolutIon pH was found to have little effect on the rejection of both BSA and LYZ. The solute 
rejection was found to be more sensItIve to lomc strength effects for the SC deVice both dunng BSA and LYZ filtration Convecttve mass transfer 
coeffiCients and hence the true rejection coeffiCIents (Rtf) were calculated for both systems USIng the stagnant film model to understand the Influence 
of hydrodynamIc effects on the ultrafiltration behaVIour of the two systems The magmtude of the membrane Peclet number (Pe) proVides a means 
of companng hydrodynamiC conditions for the two systems and thereby allows differences m observed solute rejectIon to be better understood 
© 2008 Elsevler B V All nghts reserved 
Keywords Stagnant film model, Ultrafiltranon, Cross-flow. Stirred-cell, Proteins 
1. Introduction 
Ultrafiltratton finds WIde apphcatlOn m dIverse mdustnes 
such as the phannaceutlcal, blO-medlCal and food mdustnes 
where separatIOn IS predommantly controlled on the baSIS of 
molecular sIze dIfferences although solutIOn pH, IOmc strength 
and system hydrodynamICs have been acknowledged to play 
a role m the separallon of protems [I-{;] Saksena and Zyd-
ney [5] demonstrated the Importance of electrostatIc mteractlOns 
on protem filtratton when attemptmg to separate bovme serum 
albumm (BSA) from Immunoglobuhn (IgG) usmg an Amlcon 
stlfred ultrafiltratton cell The authors [5] carefully selected 
• Corresponding author Tel +44 1509 222507, fax +44 1509 223923 
E-mad address 0 J Mahk@lboroacuk(OJ Mahk) 
1383-58661$ - see front matter@2008 Elsevler B V All nghts reserved 
dOl 10 1016lj seppur2008 01030 
solutIon pH and lomc strength thereby creatmg the posslblhty 
to transport more of the larger IgG through a IOOkDa poly-
menc membrane compared to the smaller albumin molecule, 
a phenomenon termed ~reversed selectivity". In a later study. 
EIJndhoven et al [6] also demonstrated that It is, ID fact, pos-
Sible to separate molecules of a SImIlar size with ultrafiltration 
thereby challengmg the general understandlDg that ultrafiltra-
tIOn IS only SUited to the separatIOn of molecules havmg at 
least two to three orders of magmtude dIfference ID SIze The 
same authors [6] also pomted out that the degree of separatIon 
can be Improved with a cross-flow deVice (as compared to a 
stlITed cell) whIch they attnbuted to a hIgher bulk mass trans-
fer rate. EVidence from prevIOus studies suggests that solutIon 
IOmc strength mftuence. the extent of charge IDteracuon ID terms 
of protem-protelD and protem-membrane IOteractlons Several 
researchers have demonstrated the mfluence of IODIC strength 
SEPPUR-9141. No of Pages 12 
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Nomenclature 
a channel width (m) 
b channel height (m) 
C protem concentrntion (gIL) 
D diameter (m) or diffusIOn coefficient (m2/s) 
e elementary charge, I 602 x 10-19 (C) 
h blade height (cm) 
I lomc strength (mollL) 
J flux rate (rn/s) 
k Boltzmann constant, 1.38 x 10-23 (JIK) or mass 
trnnsfer coeffiCient (rn/s) 
L membrane length (m) 
n constant 
MW molecular weight (g/mol or kg/mol) 
N Impeller speed (rev/s) or Avogadro's 
(Ilmol) 
l>.P trnnsmembrane pressure (pa) 
R rejectton (-) 
r radIUs (m or A) 
Re Reynolds number 
Sc Schtmdt number 
Sh Sherwood number 
W cell Width (cm) 
T temperature (K) 
u velOCity (rn/s) 
Greek letters 
8 boundary layer thickness (m or mm) 
eo penmtttvlty of free space (Jrn/C2) 
e, dlelectnc constant (-) 
Y flUId shear rate (1Is) 
). Debye length (nm) 
J.L vIScoSIty (kg/m s, POIse or centtPoise) 
p denSity (kg/m3 or g/mL) 
r shear stress (N/m2 ) 
cv angular velOCity (radls) 
Indices 
a actual 
A Avogadro 
b blades 
B Boltzmann 
c cntlcal or channel 
ef cross-flow 
D Debye 
f feed 
h hydrauhc 
Impeller 
Landau-Llfshltz 
m mass transfer 
M membrane 
o observed 
p permeate 
s solute 
sc stirred cell 
number 
tank 
tru true 
on permeate flux Solutton pH has been shown to have less 
of an effect at higher lomc strengths due to charge shieldmg 
effects [6--9) Whtlst suffiCient eVldence eXISts m the htera-
ture to demonstrate the importance of electrostatic Interactions 
[1,4,9,10) there sttll seem to be dlffenng observattons concem-
mg permeate flux and rejectIOn at and around the pI of the 
protem. 
A review of recent hterature found httle pubhshed work 
companng ultrnfiltrntton measurements made at the laboratory-
scale (usually, researchers seem to employ a dead-end sttrred 
cell apparatus) and how such results correlate With those 
from process-scale measurements (typically cross-flow seml-
conttnuous/contmuous systems) [11-13) Thts IS surpnsmg, 
Illven that hydrodynamiC condlttons (such as wall shear rates and 
convective mass transfer coeffiCients faclhtatmg rejected solute 
back-ffilxmg. etc) can have a noticeable Impact on ultrafiltration 
and such conditIOns are known to vary With membrane config-
uration (14) It is particularly noticeable that the expenmental 
baSIS for companson of vanous membrane modules ID terms of 
the system hydrodynamiCs (Reynolds number, membrane sur-
face shear, etc) and general operattng conditIOns such as feed 
concentration, pH, etc. have received bttle attention It IS nec~ 
essary to proVide more expenmental detads of such parameters 
If an IDformatlve companson between two dIfferent membrane 
configurattonslS to be made Tansel et al (13), for example, com-
pared Ion permeablhty data from nanofiltratlOn expenments for 
both dead-end (using a stirred cell) and cross-flow modes but 
did not descnbe the baSiC conditions of their companson. ThIS 
makes It difficult to draw conclUSions from the" findings. More 
recently Zydney and Xenopoulos [IS) pomted out that the effects 
of deVICe configuratton and operattonal parameters, particularly 
for dextran charactensatton expenments. are stIll poorly under-
stood They compared solute rejectton data for a sttrred cell 
and a cross-flow system and stated that the stirred cell prOVides 
more accurate dextran rejectIOn data which they attnbuted to 
better flux umformIty and the reduced IDfluence of concentra~ 
tIon polansation due to hIgher convectIve mass transfer rates ID 
the sttrred cell system. 
In the current work Single protein ultrafiltration With BSA 
and lysozyme (LYZ) was studied uSing a Mllhpore stirred cell 
(XFUF4701) and a speCially deSigned cross-flow deVice Each 
protein was studied at four different pH values (4 9, 6 0, 7 1,84) 
and two dIfferent iomc strengths (20 mM and 100 mM) Due to 
the high lSoelectnc pOint of LYZ (pH II 0), lysozyme ultrafil-
trntlOn at pH 11 0 was also conducted at both iomc strengths 
usmg the stirred cell The ultrafiltratIOn data are dIScussed m 
terms of the effects of solutIOn pH and IOmc strength as well as 
effects of convectIve mass transfer ID the stIrred cell and cro'iS-
flow deVIces These were found to show marked differences ID 
the observed ultrnfiltrattOn results under commonly controlled 
expenmentaI conditIOns such as the transmembrane pressure 
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2. Experimental 
2 1 Materials 
Polyethersulfone (PES) membranes wIth MWCO of 50 kDa 
were supplied by Mlcrodyn·Nadlf GmbH, Germany These 
membranes are descnbed by the manufacturer as hydrophlhc, 
wIth strong chemIcal stablhty and carry a mIDI mal negauve 
charge over the pH range studIed (4.9-11 0). Lysozyme (MW 
14.3 kDa, 11.0 pJ) and Bovme Serum Albumm (MW 66 4 kDa, 
4 7-4 9 pJ) were purchased from Slgma-Aldnch (UK) Lld PES 
membranes wIth a 50 kDa cut-off were chosen dehberately smce 
It was deSIrable for some of the BSA to potenUally transmIt 
through the membrane. In order to carry out MWCO studIes dex-
tran standards WIth narrow polydlsperslty and molecular weights 
of I, 5, 12,25,50 and 150kDa were obtamed from Polymer 
Standards Services GmbH, Germany 
2 2 PreparatIon 
For all expenments delODlsed water wIth a reSistivity of at 
least 18 2 M!l cm was used. All membranes were pretreated 
pnor to thelf first use accordmg to a set procedure, a method-
ology whIch was developed through expenence from prevIOus 
expenments wIth a range of dIfferent PES membranes. ThIs 
mcluded storage of the membranes for 24 h m delODIsed water 
followed by 30 mm storage m 0 I M NaOH. Subsequently, the 
membranes were flushed WIth water at 50 kPa transmembrane 
pressure for at least 60 mm m order to remove any residual agents 
from the manufacture PenneatlOn at thts elevated pressure also 
helped to prevent any membrane compactlOn effects when con-
ductmg subsequent water flux and solute flux measurements at 
25 kPa. Water flux measurements were made for each mem· 
brane sample over I h penod SlOgle protelO soluuons for BSA 
and LYZ were prepared m phosphate buffer WIth 20 and 100 mM 
IODIC strength, respectIvely LYZ solutIOn was also prepared at 
pH 11 0 for stmed cell expenments m a glyclOe buffer (pK, 
closer to the protelO pl)o All buffer soluuons were pre-filtered to 
remove any potentIal aggregates and un-dIssolved protems from 
the solutIOn uslOg 045 !Lm nylon membranes (Whatman plc, 
UK) The concentratIOns of both BSA and LYZ were determmed 
uslOg a UV IVls spectrophotometer (Lambda 12, PerklOElmer) at 
280 om and evaluated against predetermined cahbratlOn curves. 
23 Membrane filtratIOn apparatus 
Two membrane configuratIOns were employed The Mllhpore 
sllrred cell (Model XFUF04 701) had a dIameter of 47 mm and an 
effective membrane area of 15 cm2 The cell was operated wlth a 
stmer speed of24oo rpm as determmed uslOg a phototachometer 
(Model TM·3011) The feed volume was fixed at 50mL ThIs 
deVIce was operated by pressunslOg the head space m the stmed 
cell uslOg mtrogen from a gas cyhnder as shown in FIg. I. 
The cross-flow apparatus mcorporated a flat sheet membrane 
placed wlthlO the rectangular flow channel (see FIg 2) The 
module was deSIgned in a manner that allowed the flUId flow 
profile to develop lOSlde the channel before the feed reached the 
NItrogen 
Cybnder 
0-6bar Blade 
Impeller 
PI 
Membrane 
sample L:J T"",d '-___ --' collection 
Fig 1 Schematlc diagram of the Snrred cell apparatus 
membrane. The cross-flow apparatus had a feed volume of 1I 
and the membrane area was 7 I cm2• The apparatus, constructed 
from stamless steel, compnsed of a feed tank from winch the 
feed was supphed to the membrane module vIa a dIaphragm 
pump (Jabsco, Model 31800) The retentate was recycled con-
tlOuously to the feed tank whIlst permeate was eIther sampled 
andlor returned to the feed tank. The system was eqUIpped WIth 
calIbrated pressure transducers (upstream, at the entrance and 
downstream, at the eXIt of the membrane module) hnked to a 
dIgItal pressure dIsplay to momtor the pressure drop across the 
membrane module. The pressure gauges for the stirred cell and 
the cross-flow module were cahbrated. All expenments were 
conducted at a temperature of 22°C (±2°C) 
Each expenment was performed with a new, clean membrane 
sample. pretreated m the manner mentioned earher. Protem fil-
tratIOn expenments were conducted for 30 min using the stlfred 
T 
Retcntate 
stream 
Feed 
tank 
Retcntate 
samphng 
Dmphragm pump 
Membrane 
module 
Permeate 
samphng 
Fig 2 SchematiC diagram of the cross~flow apparatus 
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cell and for at least 2 h usmg the cross-flow apparatus; samples 
were taken at regular IOtervals. ProtelO filtratIOn wIth the stlrred 
cell devIce was conducted over a shorter tlrne penod because 
of system llIrutatIons such as the restncted feed volume All 
filtrate samples were corrected for hold-up volume and sam-
pled accordmgly In case of the stmed cell, the feed sample was 
obtained Immediately after takmg the filtrate sample by open-
109 the stirred cell. The feed sample of the cross-flow apparatus 
could be readily obtamed from the retentate hne. 
24 Membrane characterIsatlon 
The molecular weight cut-off (MWCO), defined as the mem-
brane cut-off at which 90% of the molecule With the same 
molecular weight as that specified by the membrane manufac-
turer IS retamed, was evaluated usmg dextran standards WIth 
narrow polydlsperslty As mentIoned previously, the standards 
ranged from I to 150 kOa relatIve molecular mass 
3. Theory 
3.1 DetermmatlOn of Reynolds number for the se and the 
CFumts 
The Reynolds number 10 the cross-flow module (Red) was 
detennmed In the same manner as for flUid flow In a duct smce 
the flow channel IS rectangular, whereas in the case of the stirred 
cell, the flow regime IS determmed from the rotatIonal Reynolds 
number (Re,) as given by Eqs. (I) and (2), respectIvely 
Reef = PUDh 
/l. 
pwr2 Rer= __ I 
/l. 
(I) 
(2) 
where p IS the flUId denSity, u IS the cross-flow velOCity (mam-
tamed at 042 m1s), ~ the hydraulic dIameter, /l. the dynamiC 
VISCOSity, Cl) the angular velOCity and rt IS the radiUS of the Stlrred 
cell 
3.2 Determmatwn of shear stress 
The difficulty 10 makmg a direct companson between a stIrred 
cell and a cross-flow module anses from the need to match 
hydrodynamiC conditions 10 each system. Ideally, not only the 
shear at the membrane surface ought to be the same but all other 
parameters (e g the solvent velOCity normal to the membrane 
surface) also need to be equal In thIS work the transmembrane 
pressure, temperature. feed concentration, pH and IODIC strength 
were all mamtamed at fixed levels dunng the expenments WIth 
the cross-flow and stirred cell deVices 
It has preVIOusly been shown Impracticable to compare the 
rotatIonal Reynolds number In the stirred cell (lammar flow up 
to Re< 10) With the Reynolds number for the cross-flow module 
(lammar flow up to Re ~2100) [16] In other words, a compan-
son of the two apparatus on the baSIS of hqUld mIXIng and flow 
profile IS madequate. Instead, an attempt was made to select 
PI -,jP _P2 I, . , 
, 
, 
y. 
• Lm 
r= 34Pa 
FIg. 3 Force balance across the membrane In the cross-flow module (a= 30 mm, 
b=2mm, L=30mm) 
operatmg condltlons 10 a manner that allowed SimIlar shear 
stress conditIons to be malOtamed at the membrane surface. A 
force balance across the cross-flow membrane module depicted 
m Fig. 3 gives. 
aMP = 2rL(a + b) (3) 
where a IS the channel Width, b the channel height, L the mem-
brane length, l!.P the pressure drop across the membrane length 
and r the shear stress Solvmg for the shear stress r and mc1udmg 
the hydraulIc diameter of the membrane channel yields· 
l!.P~ 
r=--
4L (4) 
The pressure drop across the membrane length (based on a 
constant l!.P across the entire membrane module) is calculated as 
11 0 Pa and mc1udmg the module dimenSions a wall shear stress 
of 34 Pa was determmed for the cross-flow apparatus (usmg Eq 
(4)). 
DetemunatIOn of the shear stress ID the stirred cell deVIce IS 
more dIfficult To enable calculations the stIrrer In the MIlhpore 
cell was assumed to resemble a flat blade paddle Impeller and the 
flow-field was subdIVIded mto an lOner regIOn (where the shear 
stress mereases up to the cntIcal radiUS of the Impeller) and an 
outer regIon beyond which the shear stress decreases agam (see 
Fig 4), such a procedure has preVIOusly been used to compare 
011 droplet fonnatIOn 10 a Welssenberg rheometer and a stirred 
T 
'Outer' Inner 
. . 
.ngiOll. regIOn 
. , 
r, 
Impelter 
Outer wall of 
the stIrred celt 
Shear 
stress 
profile 
Fig 4 Shear stress vanatlon along the tmpeller length 
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cell [17) The correlatIOns (given below) are for the flow-field 
approxImated as a ngld-body rotatIOn above a statIOnary surface 
(Bodewadt flow) The maxImum shear stress IS expenenced at 
the cnllcal radIUS (rc) of the Impeller whIch IS gIven by: 
rc=-123 057+035-D, ( D,) 2 D, 
( 
h )0036 0116 Re, 
x - nb D, 1000 + I 43Re, 
(5) 
where D, IS the stIrred cell dIameter, h IS the blade heIght, nb 
corresponds to the number of stIrrer blades and Re, the Impeller 
Reynolds number as defined by Eq (2) except that the length-
scale used m the equatIOn IS the Impeller dIameter rather than 
the tank dIameter For the Mllhpore sllrred cell D, = 3 8 cm, 
D, = 42 cm, h = 0 9 cm, and nb = 2 The shear stress at the cntl-
cal radIUS was calculated to be 48 Pa usmg Eq (5) whereas the 
shear stress below and above the cotieal radIUS was calculated 
usmg Eqs. (6) and (7), as defined by Kosvmtsevet al [17), such 
that 
I 
f = 0 82511""8 r < re (6) 
(
rc)06 1 
f = 082511wre -;: 8 r> re (7) 
and the thIckness of the momentum boundary layer (8) IS 
obtamed from the relatlOnslup between the momentum bound-
ary layer (8) and the concentratIon boundary layer (8c) gIven as 
[18)' 
~ = SeD 33 
8c 
(8a) 
The concentratIOn boundary layer (8c) here was evaluated 
usmg the Landau-Llfshltz equatIOn [19). 
8c= D, 
Se1/3 ..;&; (8b) 
Combmmg (8a) and (8b) gIVes the momentum boundary layer 
thIckness (8) used m Eqs (6) and (7)' 
8=~ (8c) 
The cntlcal radIUS for the Impeller in the Mllhpore cell was 
determmed as I 47 cm for the forced Impeller speed of 2400 rpm 
which corresponds to the maximum speed that can be achieved 
WIth the stIrrer ensunng that the depth of the vortex created by 
the impeller does not become too large Moreover. an mcrease 
m the stlITer speed beyond thIS level does not further impact 
on the position of the cotleal radIUS An average shear stress 
across the Impeller was obtamed by mtegratlon of Eqs (6) and 
(7) A stIrrer speed of 2700 rpm results m an average shear 
stress of 34 Pa, I e equal to that m the cross-flow module, but 
hmlted by no further Increase In the cotlea) radIUS. However, 
WIth the expenmental condItIons used It was only possIble to 
achIeve a maxImum stIrrer speed of 2400 rpm, let = 29 Pa 
This lower rpm corresponds to an error ID the average shear 
stress of cIrca 15%, but It represents the closest match that could 
be obtamed whilst stilI mamtammg the values of other process 
vanables 
3 3 Deterrmnation of mass transfer coeffiCIents 
Dunng ultrafiltratIOn, the retained solute concentratIOn close 
to the membrane wall increases WIth respect to the bulk concen-
tratIon Thus, faclhtatlOn of back dIffuSIOn of solute is important 
m detennmmg the solute rejectIOn and the lImItIng permeate 
flux for a gIven process. Under ideal companson conchtions, m 
addition to the other parameters, the convective mass transfer 
coeffiCIents should also be IdentIcal m the two filtrallon sys-
tems ID question. The mass transfer coefficient IS the ratIo of the 
dIffuSIOn coeffiCient of the solute to the thickness of the concen-
tratIon boundary layer (8c) The dIffuSIOn coeffiCIents, Ds, for 
BSA and LYZ can be determmed from the Stokes-Em stem equa-
tIon, thiS also allows one to also take account of the influence 
of IOmc strength (e g by evaluatmg the Debye layer thIckness 
as a function of lomc strength, discussed below) The eff'ec-
live sIze of BSA was found by PuJar and Zydney [20) to vary 
hnearly WIth the Debye length (I e. mversely with the square 
root of the solutIOn IOmc strength) The magmtude of the Debye 
length AD, a measure of the extent of the charge layer around a 
molecule In an electrolyte solution, can be calculated using Eq. 
(9)' 
AD= (9) 
where Eo IS the pernuttIvlty of free space, Er the dlelectnc con-
stant, kB the Boltzmann constant, NA Avogadro's number, e 
the elementary charge and I the lomc strength of the elec-
trolyte From Eq. (9) the Debye length AD, for the two lomc 
strengths employed m thIS work was 215 nm (20mM) and 
o 96nm (IOOmM), respectIvely. The mfluence of pH on the 
number of charges at the protem surface has not been consId-
ered here. To incorporate the effect of the Debye length, It IS 
added to the protem radIUS and an effectIVe hydrodynamIC radIUS 
of the protem IS obtamed, whIch mcludes the thIckness of the 
charged double layer around the protem Therefore, usmg the 
Stokes-Emstein equallon [21), dIfferent dIffuSIon coeffiCIents 
may be calculated based on the lomc strength dIfference. 
kBT D=--
61C/lTs 
(10) 
where rs IS the solute radIUS Based on a Stokes radIUS 
of 3 2 nm the evaluated dIffUSIOn coeffiCIents for BSA were 
4 0 x 10-11 m2/s (20 mM) and 5 2 x 10- 11 m2/s (100 mM) For 
a Stokes radIUS of I 9 nm the evaluated dIffUSIOn coeffiCIents 
for LYZ were 5 3 x 10-11 m2/s (20 mM) and 7 6 x 10-11 m2 /s 
(100 mM) The dIffUSIOn coefficient for LYZ IS hIgher than that 
for BSA as LYZ IS a smaller molecule. The dlffu<lOn coeffiCIents 
were used to calculate the mass transfer coeffiCients in both the 
surred cell and cross-flow deVIce usmg tYPIcal mass transfer 
correlatIOns The mass transfer coeffiCient, km, In the stirred cell 
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was obtained from the followmg Sherwood, Sh, correlation [22) 
(k;~t) = Sh = 0 27Re~567 Sc033 (11) 
where rt IS the radIUs of the surred cell. The mass transfer 
coefficIent m the cross-flow system can be obtamed from the 
Graetz-Levequerelauonshlp [23) whIch IS apphcable to lammar 
flows in channels. 
km =0816(r.o;Y'3 (12a) 
An altemauve equation Eq (l2b) [23) that is simIlar m fonn 
to that for the SC Eq (11) also gave sImIlar orders of magmtude 
mass transfer coefficients for the CF system. 
e,;~) = Sh = o 04 Reo 75ScO 33 (12b) 
In Eq (l2a), y IS the flUId shear rate at the membrane surface 
and Le the channel length. Thus, the mass transfer coeffiCIent 
and hence the hmlUng solvent flux would be expected to vary as 
the cube root of the wall shear rate as shown by Blat! [23) The 
fluid shear rate for a rectangular channel can be obtamed from' 
6u 
y=--
b (13) 
where b IS the channel heIght. The calculated wall shear rate Yw 
for a cross-flow velocIty of 0 42m1s corresponds to 1260s-1• 
Usmg Newton's law of VIS COSIly, wall shear stress IS only 1.3 Pa. 
The dIfference between the calculated and the measured slgmfi-
cant pressure drop due to entry and eXIt effects resultmg m hIgher 
measured values of the pressure drop and hence wall shear stress 
values. 
The membrane Peelet number (Pem = J8cIDs) proVIdes a 
companson of the relative Importance of diffusIOn and convec-
Uon In the present study evaluatIon of the Pem for the SC and 
CF has been undertaken 
4. Results and discussiou 
41. Membrane charactensatwn 
It IS generally accepted that the structure and crosshnkmg 
of asymmetnc, polymenc membranes can vary from lot-to-lot. 
Moreover. It IS also not uncommon to find shght variations 10 
the membrane pore structure for membranes cut from the same 
sheet For thIS work 32 samples of PES membranes were char-
actensed m terms of their water flux at a constant operatmg 
transmembrane pressure of 25 kPa m the stIrred cell and cross-
flow apparatus (16 samples were studIed m each setup) Two 
observatIOns were made (I) the water flux was hIgher m the 
cross-flow apparatus compared to the stIrred cell and (2) the 
water flux vanatIOn around the mean was slightly higher ID the 
stIrred cell system compared to the cross-flow system As can be 
seen In Fig 5 the average flux of pure water for 16 different mem-
brane samples was approxImately 100 Um2 h for the cross-flow 
system compared WIth 80 Um2 h for the stIrred cell deVIce The 
hIgher flux m the cross-flow system IS due to the lower hydrauhc 
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Fig 5 Hull. vanatiOn for the SO kDa polyethersulfone membranes (TMP 
2SkPa) 
resIstance of the membrane supportIng base plate deSIgn (base 
plate permeablhty WIthout membrane, Ls,CF = 1 5 X 10-11 m) 
compared WIth the base plate penneablhty for the SC system 
(Ls.sc = I 9 x 10-12 m) The overall solvent penneabd:~ for the 
50 kDa membrane was forthe CF (Lp.CF = 1.1 x 10- m) and 
for the SC (Lp.CF = 8 9 X 10-13 m) respectively FluctuatIOns In 
the solvent (water) flux were shghtly Jugher for the stIrred cell 
(up to ±7%) compared WIth data for the cross-flow apparatus 
(up to ±5%). 
UltrafiltratIOn membranes are typICally charactensed by the 
nommal molecular weIght cut-off (MWCO) defined as the 
molecular weIght of a solute (usually low polydlspersny dex-
trans or polyethylene glycols) that has a rejection coeffiCIent 
of 90% Dextran solute rejectIOn mea'iiurements (USing a range 
of dextran molecular weIghts) were used to charactense the 
solute rejection behavlOurof50kDaPES membranes Data were 
obtamed for both the stIrred cell and the cross-flow apparatus 
at a constant transmembrane pressure of 25 kPa It IS Imme-
diately ObVIOUS from the data ID Fig 6. that dextran rejectIOn 
WIth the cross-flow system was generally lower than for the 
stIrred cell deVIce ThIS result may be explamed In tenns of 
concentratIOn polansatlOn effects (see calculated values of mass 
transfer coeffiCIents for the dextrans m Table I). Thus accu-
mulatIOn of the completely or part18lly rejected dextran solutes 
close to the membrane surface results In a higher wan concen-
tration (Cw) ofthe solute for the CF system For the cross-flow 
system. tangential flow ofthe flUid results In a contmuous regen-
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Fig 6 Dex.tran rejectIOn companson between the stirred cell and the cross-flow 
module (for a SO kDa membrane, TMP 2S kPa) 
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Table 1 
Summary of solute ddfuSIVltles, evaJuated convectIVe mass transfer coeffictents 
Solute Dxtl DxtS Dxt12 Dxt2S 
MW(kDa) 1 5 12 25 
Stokes radIUS (nm) 08 17 2.5 35 
D x 1011 273 128 88 6 
(m',s) 
se, 39 23 18 14 
km X HP, 
E? 59 36 28 2.1 
km X 106, 
hV'S 
eratlon of any concentratton polansatlOn at the deVIce mlet. The 
observed lower rejectIon of dextrans USIDg the cross-flow appa-
ratus suggests that concentratIon polansatton effects were hIgher 
m companson to the sttrred cell Calculatton of the true rejectIOn 
coefficIents (based on the calculated solute wall concentratIOn) 
usmg the stagnant film model for the protem filtratIOn results 
supports thIS hypotheSIS. Permeate flux data for dextran stan-
dard solutIons were found to be hIgher for the cross-flow module 
compared to the stIrred cell system, permeate flux was approXI-
mately 20 Um2 h higher for the cross· flow apparatus compared 
to the stmed cell (SImIlar to water flux data reported m FIg. 5) 
It IS mterestIng to note that the manufacturer quoted MWCO 
for the PES membranes (50 kDa) correlates well WIth dextran 
solute rejection data obtamed uslOg the stmed cell deVIce (see 
Fig. 6). However, the MWCO value based on dextran reJec-
tion measurements WIth the cross-flow apparatus would put the 
value close to 75 kDa ThIs IS of some Importance ID selectmg 
membranes to separate protems or to [etam them (e g to swap 
buffers m bIotechnological apphcations) For dextrans and pro-
tems, an eqUIvalent hard sphere radIUS, r (estImated uslOg the 
Stoke's-ElOstem equatIOn) results m SImple correlatIOns for the 
dextran (A) and protem radIUS (nm) respectIvely as a functIOn 
of the protelO molecular weIght (MW): 
For dextrans, the followmg correlation by Granath and K VISt 
(24) allows calculatIon of the dextran radIUS 
r = 0.33(MW)0 46 (14) 
where the radIUS (r, A) and the molecular weIght (MW, g/mol) 
For protems, the correlatIOn by Squire (25) may be used' 
r = 0.794(MW)1/3 (15) 
where the radIUS (r, nm) and the molecular weIght (MW, 
kg/mol). 
Table I proVIdes Stoke's radn for the cahbratlOn dextrans, 
BSA and LYZ used m the present study Companson of the 
Stoke's radn for a 50 kDadextran (r=4 8 nm, usmg the correla-
tton above) would suggest that a 50 kDa MWCO PES membrane 
would not be well SUIted to reject a protem such as BSA (MW 
664 kDa and r= 3 2 nm) The MWCO value of75 kDa obtamed 
from the dextran solute rejectIon measurements usmg the cross-
flow system suggests 90% rejectIOn of solutes WIth an eqUIvalent 
Stoke's radIUS of5 8 nm (determmed usmg Eq (14» Underthe 
operatmg condltlOns used to take the solute rejectIon data, the 
DxtSO DxtlSO LYZ BSA 
50 150 143 664 
48 79 19 32 
4 22 53 (20 mM) 4 (20 mM) 
76(1oomM) 52 (I 00 mM) 
11 7 13 (20mM) 11 (20mM) 
16 (100 mM) 13 (lOOmM) 
16 1 1 4 (20 mM) 33 (20 mM) 
51 (lOOmM) 4 (100 mM) 
Pem for the 12.5 kDa dextran was around 0 7 for the SC system 
compared WIth 4 2 for the CF system The hIgher Pem for the CF 
system results In a hIgher solute concentratIon at the membrane 
surface. TIlls results 10 a lower observed solute reJectlOn, Robs. 
In mdustnal apphcattons, the leakage of solute IS a problem and 
to prevent thts from happemng, It IS common practise to select a 
membrane WIth a slgmficantly lower MWCO m order to ensure 
complete rejectIOn ofthe solute A more meanmgful characten-
satlon ofthe MWCO forthe membrane to be used m across-flow 
system would need to allow careful control of the testmg con-
dlttons, e g by ensunng that the system Peelet number for the 
SC system IS kept of the same order as that to be used m the CF 
umt Thus. a more conservatIve selectlOn of the membrane for a 
gIven apphcation may be poSSIble 
4 2 Protem filtratIOn results 
All filtratIOn expenments were carned out WIth a protem con-
centratIon of 0 5 gIL In the cross· flow module the cross-flow 
velOCIty was 042 rnIs and the flow profile was lammar (corre-
spondmg Reynolds number of 1560, determmed by Eq (1» 
The rotatIOnal Reynolds number 10 the stmed cell (deterrmned 
by Eq (2)) at a stIrrer speed of 2400 rpm was 57,000 where the 
flow IS turbulent Wh"st liqUId mlxmg IS dIfferent under these 
condItIons the shear stress expenenced at the membrane surface 
was calculated to be slmllar to that expenenced m the cross-flow 
system,l e m the range of 29-34 Pa In FIgs 7-10 both flux and 
protem observed rejection data versus pH are shown for two dif-
ferent IOmc strengths (20 and 100 mM) The maxImum filtratIon 
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Fig 7 Flux and protelO rejection vs pH for BSA with the stirred cell Feed 
concentratIOn OSgIL and pI of BSA=-4 9 (for a 50kDa membrane, TMP 
25kPa) 
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time 10 the cross-flow expenments was 2 hand 30 mm with the 
stIrred cell In order to allow for a more appropnate companson 
between the two membrane configuratIOns all flux and rejectIOn 
data shown 10 Figs 7-10 are those obtamed after 30 mm. Error 
bars are not shown in order to aid clanty, however, the maxt-
mum percentage error at any flux or rejectIOn data pomt was 
calculated to be less than ±2% 
Data for BSA and LYZ rejection and penneate flux at the 
vanous pH values and the two different IOnIC strengths are 
depicted in Figs. 7-10 and general observatIOns are summansed 
m Table 2 The most ObVIOUS findmg relates to the mfluence 
of solutIOn ionic strength effects on protem rejecuon (for the 
stIrred cell system) which are generally more pronounced than 
pH effects The cross-flow system showed BSA rejection by 
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Fig ] 0 Flux. and rejection vs pH for LYZ With the cross-flow module Feed 
concentratIOn 05gIL and pI of LYZ=-II 0 (for a 50kDa membrane, TMP 
25kPa) 
the 50 kDa PES membrane to be greater than 85% and almost 
invanant to the measurements obtamed at the low (20 mM) 
and the Iugh (IOOmM) IOnIC strength values BSA rejectIOn 
for both the cross-flow and the surred cell systems were found 
to be pH mvanant However, the stIrred cell system displayed 
greater transmission of BSA compared With the cross-flow sys-
tem. AdditIOnally, BSA rejectIOn was found to be higher at 
the Iugb IOmc strength (IOOmM) compared With BSA reJec-
bon data obtamed at 20 mM. These effects were not seen for 
the cross-flow system AdditIonally, the penneate flux for the 
SC was slightly Iugher than for the CF system Dunng water 
penneabllIty measurements, the CF system had a higher solvent 
penneablhty (almost 25% higher). 
The observed rejectIOn ofLYZ was found to be Iugher for the 
lower ionic strength data (mamly for the data obtamed usmg the 
stirred cell system). LYZ reJecuon was found to be mamly pH 
mvanant except at pH 5 when a marked mcrease m LYZ rejectIOn 
was noted. The effect of pH was more pronounced at the lower 
10mc strength (20 mM) but still apparent for data recorded at the 
Iugher IOnIC strength (100 mM) This was found to be the case 
for data obtamed usmg both, the surred cell and the cross-flow 
systems, however, the effects were more noticeable dunng LYZ 
filtration usmg the SC 
The penneate flux was found to be Iugher for the CF (-25%) 
compared With SC system, mlmlckmg waterpenneabIllty results 
reported earlier 
In order to better explam the filtrauon results, the data were 
also analysed from a quantItative view pomt usmg the film model 
for concentratIOn polansatlOn [23] The model IS based on a 
mass balance near the membrane wall and Its mtegration over 
the concentratIon boundary layer (8e) and Yields the well known 
equation: 
ls= Ds In(CW-Cp ) 
8e Cb - Cp 
(16) 
whereJs IS the solute flux, Cw the concentratIOn at the membrane 
surface, Cb the bulk concentratIOn and Cp the concentration m 
the penneate TIns equation IS often rewntten m tenns of the 
observed (So = Cp/Cb) and the true or actual slevmg coefficient 
(Sa = Cp/ Cw) [26] 
s _ So 
a - (I - So) exp(Js/ k) + So 
(17) 
In thiS work, the equatIOn was expressed in tenns of rejection 
coeffiCients, I e the actual or true rejectIOn coeffiCient (Rt, = 
I - Cp/ Cw) was evaluated from the data forthe observed reJec-
tIOn coeffiCient (Robs = I - Cp/Cr) usmg Eq (18): 
R _ Robs tr- (I - Robs/ exp(Js/ km» + Robs 
(18) 
43 ProtemjiltraflOn o/BSA 
Fig. 7 <hows flux and rejection data for BSA filtration at 
both 20 and 100 mM IOmc strengths usmg the stirred cell. The 
data show BSA rejectIOn rangmg from 65 to 90% (rejectIon 
found to be mfluenced by the solutIon IOnIC strength, 65-75% 
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Table 2 
Summary of protem ultrafiltratIOn results companng data for stlffed cell and cross-flow mode of operatlon 
Flux (LB--UBb) (Ilm2 h) 
Influence of pH on flux 
(20)mM 
(lOO) mM 
Influence of IODlC strength (mM) OD 
flux 
Influence of pH on protem rejection 
(20)mM 
{loo)rnM 
Influence of lomc strength (mM) on 
protem rejection 
Rejection range 
a LB Lower bound 
b UB Upper bound 
t Stirred cell 
d Cross--flow cell 
BSA 
Se' 
60-90 
30% Increase In flux 
as the pH mcreased 
from5to85 
-20% Increase ID flux 
as the pH mcreased 
fromSto85 
(20»(100) 
Invanant. ..... 10% 
change (mcrease) over 
the pH range 5-8 5 
Invanant. -5% 
change (decrease) 
over the pH range 
5-85 
(lOO) >(20) 
(20)<75% 
(l00»85% 
-651090% 
rejectIOn at 20 mM and 85-90% rejectIOn for measurements 
taken at 100 mM) The MWCO of the 50 kDa PES membrane 
(refer to Fig 6, data for the SC) based on the dextran measure-
ments obtamed WIth the stirred cell suggests the cut-off for the 
membrane IS ~50 kDa (Stoke's radIUs 4 8 nm) Thus, the BSA 
rejectIon IS higher than expected based on the dextran solute 
rejection data, provIded the companson is earned out usmg the 
Stoke's radII sIZe companson. Based on the relative molecu-
lar mass ofBSA (~66 4kDa) and the calculated Stoke's radIUS 
of 3 2 nm alone, use of a membrane With a MWCO of 50kDa 
should result m BSA rejectIon of around 40% (for the sllrred 
cell) The reJecllon is hIgher than this and suggests that due 
to a hIgh surface charge denSity on the BSA molecule (-13 
charges at pH 7) and low IOntC strength (20 mM) electrostatic 
effects result ID a largereffect!ve proteIn SIze resulting ID a higher 
observed solute rejectIOn The larger size results ID stenc exclu-
sion from pores of similar and smaller size thereby reducing 
overall transmISSion At higher IOOIC strength, charge shielding 
may result m a reducllon m the overall hydrodynamiC sIze how-
ever, thIS effect IS more complIcated due to the followmg (I) 
smaller solute size may allow greater access to the membrane 
pores and may result m higher transmIssion, however (Il) smaller 
SIZe also results m faster back diffUSIOn mto the bulk ofthe reten-
tate flUid, thereby reducmg the solute concentratIOn at the wall 
and hence lower overall solute transport m the permeate The 
LYZ 
cl" SC CF 
55-85 55-80 70-100 
15% mcrease ID flux 
as the pH Increased 
fromSto85 
..... 20% mcrease In flux 
as the pH mcreased 
from 5 to 85 
(20»(100) 
(margmal) 
Invanant. ...... 10% 
change (mcrease) over 
the pH range 5-8 5 
Invanant, ...... 5% 
change (mcrease) over 
the pH range 5-8 5 
Almost Invanant 
(20»85% 
(100»95% 
"" 85 to 1(}()% 
Invanant 
Invanant 
(lOO) > (20) 
Almost tnvanant 
between pH 6-11 
( ..... 30%). but higher at 
pH5 (-50%) 
Almost Invanant 
between pH 6-11 
( ..... 25%). but higher at 
pH 5 (-30%) 
(20»(100) 
(20) 3()..«)% 
(100) 20-30% 
.... 20 to 50% 
-10% Increase In flux 
as the pH mcreased 
fromSto85 
..... 20% mcrease ID flux 
as the pH mcreased 
fromSto85 
(lOO»(20) 
Almost mvanant 
between pH 6-11 
( ..... 10%). but higher at 
pH5 (-20%) 
Almost mvanant 
between pH 6-11 
«10%), but higher at 
pH5(-15%) 
Almost Invanant 
(20»(100) 
(20) to-20% 
(100) 5-15% 
-5to25% 
calculated Pern for the SC system was ~2 (20 mM) and ~ I 5 
(100 mM) Higher Pern lead to hIgher solute wall concentratIOns 
and lower solute rejectIOns (observed here) 
The calculation of the Oebye length for the two different lomc 
strengths results m the 'modIfied' Stoke's radIUS (i e. Inelud-
ing the Oebye length) value of ~4 2 nm (100 mM) or ~5 4 nm 
(20mM). The calculated true rejection coeffiCIents usmg Eq. 
(18) are presented m Table 3. The hIgher (almost complete reJec-
tIOn) values of the true rejectIon coeffiCIents are a consequence 
of the hIgher calculated solute concentration at the membrane 
wall due to the phenomenon of concentratIOn polarisatIon 
FIg 8 shows flux and rejectIOn data for BSA filtration at 
both 20 and 100 mM 100lC strengths WIth the cross-flow celL 
The data m Fig 8 show BSA rejectIOn rangIng from 85 to 98% 
(rejectIon was found to be pH and lomc strength mvanant). The 
MWCO of the 50 kOa PES membrane (refer to FIg. 6, CF data) 
based on the dextran measurements obtamed With the cross-flow 
cell suggests the cut-off for the membrane IS ~75 kOa (Stoke's 
radIUS 5 8 nm) Thus, the BSA rejectIon IS agam conSiderably 
hIgher than expected based on the dextran solute rejection data 
proVIded the companson IS camed out on the basJs of stenc 
hmdrance usmg the Stoke'S radII for comparison. The expected 
BSA reJecllon should be around 40% for the cross-flow cell. The 
permeate flux measurements were found to be sJmllar to those 
obtamed for the stmed cell system suggestIng accumulation of 
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Table 3 
True rejection coefficents for the stirred cell and cross-flow apparatus at two dIfferent lomc strengths (20 and 100 mM) 
FiltratIOn pH True reJection, R,r True reJectlon, Rn True rejectIOn, R,r (-) True reJection, Rn (-) 
apparatus (-)BSA20mM (-) BSA 100mM LYZ20mM LYZ 100mM 
SC 110 N/A 000 
SC 84 097 097 
SC 70 095 098 
SC 60 095 097 
SC 49 094 098 
CF 84 100 100 
CF 70 100 100 
CF 60 100 100 
CF 49 100 100 
solute at the membrane surface resultIDg ID mcreased hydraulIc 
resistance to permeate flow. The permeate flux was found to be 
moderately higher (70-80 Um2 h) at the lower lomc strength 
compared With (55-70Um2 h) for data measured at lOOmM. 
The calculated true rejectIOn coeffiCient values are shown ID 
Table 3 and suggest near complete rejectIOn of BSA The calcu-
lated Pem for the CF system was ~7 (20 mM) and ~5 (100 mM). 
The high values of Pem suggest the posSlblhty of a secondary 
membrane forming at the surface The reduction ID solvent flux 
(compared With the water permeablhty values) IS eVidence m 
support of thIS hypotheSiS. The higher wall concentratIOn may 
result in a higher local VIScosity of the protem solutIOn exclud-
109 solvent flow through smaller pores. ThIS may be the reason 
behmd the higher observed BSA rejectIOn values for the CF 
system. 
4 4 Pro/em jil/ra/tOn of lysozyme 
Lysozyme has 3 MW of 143 kDa and a Stoke's radIUS of 
I 9 nm On the baSiS of stenc Inndrance alone LYZ rejection 
behaVIOur would be similar to a dextran of Size ~7 kDa (-15% 
rejectIOn) LYZ IS also poSitively charged over the pH range 
studied (except at ItS lsoelectnc pomt ~pH 11) and the mem-
brane carnes a moderate negative surface charge at the pH values 
exammed 
Fig 9 shows flux and rejection data obtamed With the stIrred 
cell deVice for LYZ filtratIOn at both 20 and lOOmM IOmc 
strengths The data show LYZ rejectIOn rangmg from 50% (pH 5) 
to ~30% (pH 6-11) for LYZ in 20 mM IOmc strength soluuon 
At lOOmM lomc strength, LYZ rejectIOn was comparatIVely 
lower, rangmg from ~30% (pH 5) to -25% (pH 6-11). Thus 
rejectIOn was pH mvanant over the pH range 6-11 but increased 
at pH 5 (at both IODIC strengths) The rejectIOn values are higher 
than would be expected based on the Stoke's radIUS of LYZ and 
suggests a largereffectlve radIUS With a dependency on the solu-
tion IOmc strength (Debye length) The mcreased rejectIOn at 
pH 5 IS difficult to explam The authors did not find m htera-
ture det31led charge dlStnbutlOn on LYZ as a function of pH 
However, the membrane cames a moderately negative charge 
at pH 5 (from streammg potent .. 1 measurements) and the LYZ 
molecule is expected to carry a large net pOSitIVe charge as the 
pH IS shifted away from the protem's pI Hence, some LYZ 
adsorptIOn onto the membrane surface may be expected which 
059 051 
064 050 
068 054 
068 052 
077 061 
096 093 
097 094 
097 091 
098 093 
could possibly lead to "self-rejectIOn" of pOSitively charged LYZ 
m the solutIOn bulk by posluvely charged LYZ adsorbed at the 
membrane surface Ghosh and CUI [8] observed greater self-
rejection of LYZ at a pH far away from the pI. Muller et al 
[27] also reported that LYZ forms a posluvely charged layer 
at the membrane surface below Its pI The permeate flux was 
found to be lower for the LYZ expenments compared With for 
the BSA expenments The permeate flux was found to be higher 
at the Ingher IOmc strength, between 60 and 75 Um2 h for the 
100 mM solutIOn and between 55 and 65 Um2 h for the 20 mM 
solutIOn. The evaluated true rejecnon coeffiCient values (Ru) are 
presented m Table 3 Between pH 6 and 11, Rtt IS around 0.5 
(lymg between the observed rejectIOn values of dxtl2 and dxt25 
m Fig 6) At pH5, the Ru IS around 0 6 
The values of the evaluated mass transfer coeffiCients for 
LYZ filtratIOn With the stllred cell are shown m Table 1. Charge 
shleldmg at higher soluuon lomc strength (lOOmM) results 
ID higher convective mass transfer coeffiCients. However, the 
smaller solute size may result ID greater accessibIlIty of smaller 
membrane pores (not acceSSible to the solute at 20mM) and 
tins results m greater protem transmISSion of LYZ at the higher 
IOmc strength The Pem for both sets of expenments IS around 
1 2 so the mfluence of IODIC strength on sIze exclUSIOn is better 
represented due to companson on a hke for hke baSiS 
Fig 10 shows flux and rejecuon data obtamed With the cross-
flow deVice for LYZ filtrauon at both 20 and lOOmM lomc 
strengths The data m Fig. 10 show LYZ rejectIOn rangmg from 
22% (pH 5) to ~IO% (pH 6-11) for data recorded for LYZ m 
the 20 mM IOmc strength solutIOn At 100 mM lomc strength, 
LYZ rejectIOn was shghtly lower, rangmg from ~15% (pH 5) 
to ~6% (pH 6-11) Thus observed rejectIOns appear to be pH 
mvanant over the pH range 6-11 but mcreased moderately at 
pH5 (tins effect IS seen at both IOmc strengths) Permeate flux 
was found to be higher at the high IOmc strength, between 80 
and 100 Um2 h for the 100 mM solutIOn and between 75 and 
80 Urn2 h for the 20 mM solutIOn The Pem IS -5 5 (20 mM) 
and ~5 (lOO mM) and thIS results m higher solute concentraUon 
at the wall thereby mcreasmg the transmISSion of LYZ 
Companng the LYZ ultrafiltratIOn data for the surred cell 
deVice (Fig 9) With the cross-flow deVice (Fig 10) show effects 
3nnbuted to the type of system used for the study LYZ rejec-
lion was observed to be notably higher for the stirred cell (Iow 
values of Pem) compared With the cross-flow deVice (hIgh val-
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ues of Pem). The rejectIOn data for the cross-flow system were 
dommated by concentratIOn poiansatIOn effects For the stirred 
cell system effects of IODIC strength on protem reJectlOn become 
apparent. The observed rejections ID the stured cell were always 
higher due to the hIgher values of the Convective mass transfer 
coefficients compared to the lammar flow deVice It IS known that 
concentratIOn polansation can lead to higher protem tranSmIS-
sIOn due to Increased wall concentration of the partIally retamed 
solutes close to the membrane surface This may also adversely 
effect the solvent flux over time due to protein fouling 
As In the case of BSA filtration pH did not seem to have a 
slgmficant effect on LYZ rejectIOn at the higher IOmc strength 
Only at pH 49 was a slight mcrease in rejectIOn observed At the 
higher IOnIC strength, charge-shleldmg of the proteIDs results m 
reduction ID the proteID effecllve Size [27). In addIlIon, less self-
rejectIon ofLYZ IS anticipated in a solutIOn enVIronment where 
the proteID charge IS shielded It IS therefore not surpnsIng that 
LYZ penneate flux behaves differently to the flux observed for 
BSA Thus penneate flux IS higher at the higher IOnIC strength 
5. Conclusions 
Differences In the operatmg dynamiCs of a stirred cell and a 
cross-flow cell mamfest 10 dIfferences In observed solute reJec-
tIOn behavIOur. CharactensatlOn of a 50 kDa PES membrane 
usmg conventIOnal dextran solute rejectIOn data demonstrated a 
higher observed membrane cut-off of75 kDa eqUivalent dextran 
Size, when the membrane was charactensed usmg the cross-flow 
system compared With 50 kDa when the membrane was charac-
tensed usmg the sllrred cell deVice. This IS found to be due 
to differences m the Pem for the two systems For the lammar 
flow system (CF), poor back-mIXIng of partially or completely 
rejected solute at the surface of the membrane results In a higher 
local solute concentratIOn at the membrane wall resultmg In 
lower observed solute rejectIon 
The dextran rejectIOn data does not provide a good mdlcatlOn 
of the observed protem rejection behaVIOur due to the protem 
hydrodynamiC size being a functIOn of the solutIOn properties 
(especially lomc strength) Incorporatmg the effect of solunon 
properties on the protem hydrodynamiC size and accountmg for 
the hydrodynamiC conditions (magmtude of Pem) wlthm the fil-
tratIOn system helps in understandmg the effect of operatmg 
condItIons on the observed solute rejection values 
Under the conditions studIed. concentration polansatIon was 
more pronounced in the cross-flow device compared to the 
stIrred cell which IS SignIficant If scale-up from a stirred ceIl 
to an mdustnal tangentIal flow deVice IS deSired In this study, 
the magmtude of the waIl shear stress was supposed to be Similar 
for the two deVices In reahty. this was found not to be the case 
With the wall shear stress for the SC -30 Pa compared WIth CF 
-1 Pa This resulted m SignIficantly different mIXIng conditIOns 
Within the two systems. Future work will look at the compan-
son ofthe two systems by keeping the membrane Peclet number 
constant 
CharactensatlOn of the ultrafiltration membrane on the basis 
of dextran rejectIOn behaVIOur and use for protein separa-
tIOns reqUires an apprecIatIOn of the Influence of the solution 
environment such as Iomc strength and pH that influence the 
rejectIon/transmission of protems by changmg the effectIve size 
of the solute The mfluence of hydrodynamic condlllons on con-
centration polansatlOn can be more eaSily quanllfied uSIDg the 
Stirred-cell system Thus, the use of dead-end stIrred cells pro-
Vides the means to evaluate the senSItiVity of the process to 
changes 10 operating conditIOns This Will be evaluated 10 greater 
detail In future studies. 
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